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Russian and Satellite Research and Development in 
the Field of Synthetic Fibers 


Roy C. Laible and Louis I. Weiner 


Textile, Clothing, and Footwear Division, Headquarters Quartermaster Research 
and Engineering Command, Natick, Massachusetts 


Abstract 


Man-made fiber developments in the Soviet orbit are discussed in relation to Western 
achievements. At least three of the fibers—-Enant, a nylon 7, Ftorlon, a fluorine-con- 
taining copolymer, and Vinitron, a combination of nitrocellulose with chlorinated poly- 
vinyl chloride—have no counterparts in the United States or Great Britain. 

Other fibers, such as Nitron, Lavsan, Anid, Steelon, and Khlorin are so closely 
related to Orlon,’ Dacron,! nylon 66, nylon 6, and Pe Ce? respectively that the degree 
of originality in their development cannot be ascertained. East German experimental 
work on hollow fibers and the conjectural Latvian use of 2-methyl piperazine for the 
preparation of new polyamides show the possible contribution of the satellite countries 
to the total Soviet effort. The Russian scientific climate is briefly discussed to show the 
increasing effort in the field of new synthetic fibers that may be expected from Russia 
in the future. 


Introduction the University of Florida, and Dr. Herman Mark, 
Director of the Polymer Research Institute at the 


The ability of the Russians to conduct high-caliber : : : SH 
as i EE SE: ig Polytechnic Institute of Brooklyn) have visited Rus- 
research in many scientific disciplines is no longer. ~ has , 
— . “8 . sia recently. All agree that Soviet research is strong, 
denied. Before the specific areas of textile research . 
mig : i reasonably well-conceived, and motivated by a firm 

are discussed, it is advisable to first look at Russian . : : - a ae 
; desire to accomplish useful results [20, 21, 26, 35]. 
research in general, for the advanced state of that .. : IE an 
The comments of these scientists are of interest be- 
knowledge as represented by the production and ‘ ; 
igi Pes: : ; aioe cause of the known relationship between competence 
efficient utilization of natural and synthetic fiber- . : ea 
R ‘ ; “pate: ner . in the polymer field and the ability to produce new 
forming materials is the result of a combination of nee ee he ‘ , 
‘ J ; : man-made fibers, and between the principles of engi- 
efforts from many fields of endeavor. . . hs oe ae : 
: _ tr : e462 neering mechanics and the effective utilization of 
A delegation from the United States plastics in- , a? aie a : 
: Aon fibers in fabrics. Russian scientists were found to 
dustry and two outstanding American scientists (Dr. 


A . cna nha ; : have good equipment and to be well informed about 
W. A. Nash, Professor of Engineering Mechanics at 


foreign work in their respective fields. While some 
1 Du Pont trademark. of this scientific progress, especially that immediately 
2 Made by I. G. Farben, Germany. following World War II, can be attributed to cap- 
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tured German scientists, progress in recent years 
cannot, for the Soviet scientists are now confident 
enough of their own abilities to have returned most 
Western research, how- 
ever, is being closely followed. 


of their captured scientists. 


Although the linguistic ability of the average Rus- 
sian scientist may play the most important part in 
his cognizance of foreign work, another factor is 
the availability to him of good and relatively rapid 
translation services. Within a month of receipt, a 
table of contents of each foreign scientific periodical 
and a brief abstract of each article are translated 
and made available to most Russian scientists work- 
ing in that field. Within another month, the scien- 
tists may obtain a complete translation of each article. 
A single organization is responsible for these serv- 
the All-Union Institute of Scientific and Tech- 
Information at 


Ces : 


nical Moscow. This organization 
employs over 20,000 abstractors, and its budget is 
A similar 


set-up may be necessary in this country if we are to 


estimated to be in the millions of dollars. 


follow adequately the research in Russia and other 
countries. 

At the present time, translation of Soviet scien- 
tific literature is conducted in the United States by 
the National Science Foundation, by universities, by 
industry, by commercial translating services, and by 
such Government agencies as the Atomic Energy 
Commission and the State Department. The Office 
of Technical Services of the Department of Com- 
merce has attempted to coordinate these efforts by 
initiating an enlarged program of acquisition, trans- 
lation, and announcement. A semi-monthly publica- 
Technical Translations is the result of 
this program [23]. 


tion called 


In the Textile, Clothing, and Footwear Division 
of the Quartermaster Research and Engineering Lab- 
oratories, interest in translation is based on a need 
to keep abreast of foreign, especially Russian, textile 
potential for military applications. Research in poly- 


mer chemistry, radiation 


chemistry, and physiology can be indirectly related 


engineering mechanics, 
to the development of fibers and fabrics with better 
mechanical properties and chemical resistance and of 
end items that will provide more environmental com- 
Much of 
is available to the 


fort and thermal and CBR * protection, 


this basic research information 


Quartermaster laboratories from Russian scientific 


journals which are translated im toto, but, to be ab- 


8 Chemical-biological-radiological. 
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solutely sure of the tie-in between basic research in 
a field such as heat-resistant polymers and its appli- 
cation in textiles, the translation and interpretation 
of articles in Russian textile magazines is also neces- 
sary. At present, textile magazines are not being 
translated regularly by any Government agency or, 
as far as we know, by any industrial firm. If specific 
textile information is combined with that about re- 
lated basic research in the fields of polymers, colloid 
chemistry, and mechanics, as reported in the journals 
of the Russian Academy of Sciences, one can more 
adequately appraise the present and future Russian 
textile potential. Our information must be as com- 
plete as possible to enable us to continue our lead 
over the Russians in textiles, especially those used 
for parachutes, ballistic applications, and combined 
CBR and thermal protection. 

This the 
Quartermaster Corps to gather together information 


report represents a first attempt by 
on Russian fiber developments as obtained from do- 
mestic literature and as directly translated from 
Russian literature. Whenever possible, laboratory 
examination of the fibers has been used to confirm 


or supplement the published information about them. 


Discussion 


High-ranking scientific and political leaders in 
Russia have admitted dissatisfaction with their rate 
of progress in the development and production of 
new synthetic fibers [3]. Remarks made by such 
men as Premier Khrushchev and Professor Nesme- 
yanov, President of the Academy of Sciences, reveal 
the importance they place on fiber development [3, 
35]. 


synthetic fibers as nylon, polyester, and polyacrylic 


Exact figures on the Russian output of such 


fibers are not available, but the best estimates place 
man-made fiber production years behind that of the 
United States [22 
that have long been produced here in large quanti- 


Even those man-made fibers 


ties (nylon 66, Dacron, Orlon) still are not readily 
available to the Russian consumer. Of greater con- 
cern to the Quartermaster Corps, however, is the 
possibility that, in place of or in addition to the 
efforts expended in duplicating American synthetic 
fiber developments, the Russian scientists may de- 
velop new fibers having higher melting points, su- 
perior stress-strain properties, and greater inherent 
chemical repellency and resistance than any fibers 
known in this country. These fibers could be used 


to produce parachutes, personnel armor, and clothing 
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materials with a superior potential for supersenic use, 


ballistic protection, thermal resistance, and CBR 
protection. 

The synthetic fibers known to be produced or 
studied in Communist countries at the present time 
are presented below, together with their special char- 
information. 


acteristics and other available They 


are discussed according to their type. 


Polyamides 


Anid. 
nylon polyamide widely produced in the United 
The 
production of this fiber in the USSR is relatively 
limited [41]. 

Kapron. 


is the German Perlon produced in large quantities 


The Russian fiber Anid is nylon 66, the 


States by DuPont, Chemstrand, and others. 


Nylon 6, called Kapron by the Russians, 


in Europe and receiving increasing emphasis in the 
industrial sales picture of the United States. The 
monomer, caprolactam, usually is obtained from phe- 
nol. The first plant for the continuous polymeriza- 
tion of nylon 6 in the USSR has been constructed at 
Kiev [4]. The Institut fiir Textiltechnologie der 
Chemiefasern, Rudolstadt, East Germany, has devel- 
oped Perlon fibers that are hollow and/or possess 
unusually shaped cross sections. Fabrics prepared 
from such fibers could possess better insulation or 
different mechanical properties than conventional 
fabrics. Polyesters and polyurethanes are adaptable 
to this process as well as the polyamides [1]. 

Photomicrographs of several of these newly de- 
veloped fibers are shown in Figure 1. 

Steelon. Poland also has produced a nylon 6 
polyamide called Steelon. A large modern plant at 
Gorzow is said to have a capacity of 3500 metric tons 
per year, with most of the production being chan- 
neled into textile fibers. The director of the plant 
Polish achievement exclu- 
The 
future production objective for the plant is stated 
as 12,000 tons by 1965 [10]. 


Enant. 


claims that Steelon is a 
sively, from the research phase to production. 


The Russian nylon 7, called Enant, has 
the 
magazine Tekstil’naya Promyshlennost’ (Textile In- 


been mentioned in several issues of Russian 


dustry). This is a new fiber which has not been 
produced in the western world, although the basic 
polymeric material, polyenanthic amide, is known 
and has been briefly investigated. Glowing claims 
have been made in the Russian journals about the 
stress-strain properties of this material at high tem- 


TABLE I. Chemical Analysis of Enant 


Nylon 7 Nylon 6 
(theoretical values) 


Enant 

Element (as tested) 
10.7 
62.8 
10.1 


11.2 
66.1 
10.2 
N/C ratio 0.194 


0.170 0.166 


peratures and its ultraviolet resistance. The writers 
usually compare Enant with nylon 6 (Kapron) [37, 


40). 


lactam leaves only 1-2% of monomers or oligomers 


Shaaf states that polymerization of enanthic 


as contrasted with up to 10% for the polymerization 
of caprolactam | 33}. 

A small sample of Enant yarn was obtained for 
the 
show it to be chemically closer to nylon 7 than to 


study by Quartermaster laboratories. Tests 


nylon 6. The chemical analysis of Enant, as found 
in the Quartermaster laboratories, is given in Table 
I together with theoretical values for nylon 7 and 
nylon 6. 

Although the carbon and nitrogen values of Enant 
are somewhat lower than those of nylon 7, which 
could be explained by the presence of 4-5% of water 


Fig. 1. Photomicrographs of cross sections of several 
hollow fibers (reprinted with permission from Modern Te-x- 
tiles Magazine). 
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in the sample, their nitrogen—carbon ratios are simi- 
lar, and this ratio may be considered as the more 
reliable figure for identifying the material. It sug- 
gests the identity of Enant as nylon 7. 

The melting point of Enant was found to be 
225° C., which is slightly higher than nylon 6 
(215° C.) but lower than nylon 66 (250° C.). This 
melting point is in agreement with the information 
on Enant published in Russian journals |27, 36, 37]. 


NYLON 66 


(grams per denier) 


STRESS 


& FoR Break 
{ FOR BREAK 
@® FOR BREAK 


NYLON 6 - 4 
NYLON 66- x 
ENANT - ° 





12 16 20 
ELONGATION (%) 


. 2. Stress-strain surves for Enant, nylon 6 (Kapron), 


and nylon 66 (Anid). 


Treated at 140°C 
Tested at 140°C 


Yarns fixed 


(gpd) 


© ENANT-NYLON 7 
* KAPRON-NYLON 6 
ANID-NYLON 66 


TENACITY AT BREAK 


1 2 3 4 
TIME OF HEATING AT 140°C (DAYS) 


Fig. 3. 


Strength losses in Enant, Kapron, and Anid 
(yarns fixed). 
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Insufficient material was available to permit lab- 
oratory investigation of the stress-strain properties 
of Enant at various temperatures, although these 
would be better criteria of heat resistance than the 
melting point alone ; therefore the sample was tested 
only under standard conditions of temperature and 
humidity and at a strain rate of 240%/min. The 


resulting stress-strain curve is shown in Figure 2, 
together with those for nylon 6 and nylon 66 yarns 
119]. 

It would appear that the Russians have since pro- 


duced an Enant with a greater degree of orientation 
than the Quartermaster-tested sample for, in a fairly 
recent article, they attribute to it a much higher 
tenacity (7 g./den.) and a somewhat lower elonga- 
tion (18%) than was found here; they report a 
strength loss for Enant at 140° C. with the yarns 
fixed that is equivalent to that for Kapron or Anid 
|25]. These data have been plotted in Figure 3. 
Other data in the same article, however, show that 
the irreversible strength loss after heating at 140° C. 
is much less for Enant than for the other two types 
of nylon (Figure 4). It should be noted that these 
conditions are very specific and that these yarns were 
free to shrink. 

Enant yarn was found to be multifilament, contain- 
ing 12 single fibers of uniform and circular cross 
X-ray analysis 
(Figure 5) shows that, although Enant fibers are 


section and with diameters of 22y. 


highly oriented, like nylon 6, they exhibit either low 
crystallinity or a highly disordered crystal lattice 
(perhaps caused by overstretching); this prohibits 


Treated at 140°C 
Tested at 20°C 


Yarns free to shrink 


© ENANT-NYLON 7 
° ANID-NYLON 66 
* KAPRON 2-NYLON 6 


TENACITY AT BREAK (gpd) 


TIME OF HEATING AT 140°C (DAYS) 


Fig. 4. Irreversible strength loss in Enant, Kapron, and 
Anid exposed to 140° C. (yarns free to shrink). 
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The 


period in the direction of the fiber axis is 


exact interpretation of the diagram. identity 
17.6 A. 
may be 
found in Susich’s work (|38], p. 3). The chemical 
analysis, melting point, and x-ray identity period all 
tend to confirm the fact that Enant is a nylon 7, 
perhaps with the presence of some small amounts of 


A comparable x-ray diagram for nylon 6 


other polyamides as impurities. 

The present state of production of Enant in 
Russia is not known. Some references state that 
the fiber has never been produced beyond the pilot 
plant stage [28]. 
the connection between the development of this fiber 
and the basic research which led to it [14]. The 
fact that the basic research was conducted under the 


The Russians have clearly stated 


supervision of Professor A. N. Nesmeyanov, Presi- 
dent of the Academy of Sciences, may indicate that 
it was assigned a high priority [27]. 

This basic work utilized readily available raw 
materials, carbon tetrachloride, and ethylene in an 
interesting reaction called telomerization. Telomeri- 
zation is a polymerization in which chain transfer is 
dominant or extremely important. The chain trans- 
fer polymerization in this case is that between ethyl- 
ene and carbon tetrachloride. The reaction scheme 


is as follows. 


3(CH2=—CH,) + CCl, —— Cl(CHe)6CCl; (1) 


“+ CI(CH:)sCOOH = (2) 


2 ‘4 


C1l(CH2).CCl; 


NH; 
CI(CH,)sCOOH Ho NH.(CH,)sCOOH (3) 


Polycondensation of the third product, amino- 
enanthic acid, gives the resin from which Enant is 


Fig. 6. Continuous-flow appa- 
ratus for the production of tetra- 
chloroalkanes by  telomerization 
1. Gas container, 2. compressor, 3 
pump, 4. mixing tank, 5. circulating 
pump, 6. reactor, 7. separator (top) 


unreacted ethylene, (right) steam. 
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produced | 14]. 
for the telomerization reaction is shown in Figure 6. 
It should be pointed out that the telomerization 


The continuous-flow apparatus used 


reaction gives a mixture of products with 5, 7, 9, 
and 11 carbon atoms which, of course, must be sepa- 
The abundance and low cost of the raw 
materials for the preparation of Enant could make 
this fiber an interesting commercial item. 

Pelargon. 


rated. 


Pelargon, a nylon 9, is produced by 


the polycondensation of aminopelargonic acid, 


Fig. 5. X-ray diagram of Enant (Nickel-filtered CuK 
radiation; specimen fiber distance 1 mm., diameter of pin- 
hole 0.1 mm.). 


Nenpopeazupebabuid 


hap% Boda Jempasnop- 
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NH,(CH,),COOH, which is prepared by a similar 
telomerization reaction to that shown for the amino- 
enanthic acid from which Enant is derived [14]. 
Equation 1, given for the preparation of Enant, 
would in this case involve four monomer units of 
ethylene rather than three. In reality, a mixture 
results that must be separated to yield the desired 
product. 

Pelargon is reported to possess exceptionally high 
resistance to multiple deformation. For example, 
Pelargon ruptures only after 40,000 double bendings 
as contrasted with Enant, which ruptures after 3000, 
and Kapron, which ruptures after 1500 [14]. No 
sample of this material has ever been made available 
to the Quartermaster laboratories for checking the 
validity of this claim. From its chemical nature, 
however, a lower moisture absorption and melting 
point would be expected than has been found for 
nylon 66, nylon 6, or Enant. 

Rilsan. Rilsan, in contrast to Enant and Pelargon, 
is a French development of a nylon 11 polyamide. 
The monomer, aminoundecanoic acid, is produced in 
France from castor oil. The Russians are also in- 
terested in this fiber, but use a different raw material 
source. Again, the telomerization reaction between 
carbon tetrachloride and ethylene can be used to 
prepare the appropriate amino acid from which the 
nylon 11 can be prepared [14]. 

Polyamides from piperazine. Latvian scientists 
have reported the production of 2-methylpiperazine 
from glucose and ammonia. The 2-methylpiperazine 
is then used to prepare a fiber which is said to exhibit 
characteristics between those of nylon and Dacron 


113}. 


carboxylic acids and piperazine derivatives which 


Du Pont has produced polyamides from di- 


possess unusual heat-resistant properties 


Sulfur polymers. Dr. Korshak, a corresponding 


member of the Russian Academy of Sciences, has 


reported that attempts are being made to produce 
fibers based upon thiodivaleric acid. These fibers 
could be cheap, from the raw material aspect, because 
he states that thiodivaleric acid is obtained as a by- 


The 


thiodivaleric acid could be reacted with a glycol to 


product during the preparation of Enant [15]. 


give a polyester, or with a diamine to give a poly- 
amide. 

A later Russian article states that a fiber prepared 
from the salt of thiodivaleric acid and hexamethylene 
diamine possesses increased softness and elasticity 


when compared with nylon [34]. 
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Fluorine-Containing Copolymers 


Fibers from fluorine-containing polymers and co- 


polymers are of interest because of their high melting 
points and/or their resistance to the action of acids, 
bases, and other chemicals. Only one such polymer, 
Teflon (polytetrafluoroethylene), is available in the 
United States in fiber form, and its price prohibits 
its extensive use. 

The Russians mention a new fiber called 
Ftorlon in several of their publications [8, 29, 42]. 
They attribute to this fiber good resistance to chemi- 


F torlon. 


cals and a much higher strength than Teflon. Ftor- 
lon is a fluorine-containing compound which has no 
exact counterpart in the United States. Although 
many Russian, German, and American articles refer 
any clue as to its identity 
other than to call it a fluorine copolymer. This secrecy 
is most apparent in an article by Shikanova that gives 
the chemical structure of Enant and other synthetic 
fibers but omits that for Ftorlon | 36]. 


to Ftorlon, none gives 


A very small sample of Ftorlon yarn was compared 
with Teflon at the Quartermaster laboratories, both 
by the Textile, Clothing, and Footwear Division and 
by the Microscopy Section of the Pioneering Re- 
It is soluble in selected solvents, 
In the Kofler 
hot stage microscope, shrinkage was observed at 
and 265° C. 
This would indicate that the heat stability of Ftorlon 


search Division. 
hence spins more easily than Teflon. 


150° C. and decomposition between 228 


is far below that of Teflon, which has an apparent 
melting point of 325° C. However, the stress—strain 
properties of Ftorlon, as obtained from the small 
sample, were found to be superior to those of Teflon. 
Figure 7 shows the breaking tenacity found for 
Ftorlon (4.5 g./den.) to be far in excess of that 
reported by Du Pont for Teflon [9]. 

Russian journals report more optimistically about 
the than 


appear justified from the sample tested. 


stress-strain behavior of Ftorlon would 
Zazulina 
states that a Ftorlon with a tenacity of from 100 to 
130 kg./mm.* and an elongation of from 8 to 10% 
has been produced [42]. Because Ftorlon is a heavy 
fiber with a specific gravity of 2.16 g./cm.*, this 
tenacity figure can be translated into 5.2-6.7 g./den., 
which is at least 15% higher than the value found. 

It is possible that Ftorlon is chemically closer to 
Kel-F (polytrifluorochloroethylene) or Polymer R 
(polyvinyl fluoride) than to Teflon and that the 
comparison with Teflon is not entirely warranted. 


However, Teflon is the only fluorine-containing poly- 
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1. FIORLON - EXPERIMENTALLY DETERMINED 
2. TEFLON - FROM Du PONT LITERATURE 


FTORLON 1 


stress (GRAMS PER DENIER) 


“TEFLON” 2 


Le 5 


ELONGATION % 
Fig. 7. 


Comparative stress-strain curves for Ftorlon 
and Teflon. 


mer available in fiber form in the United States. 
The Ftorlon yarn was found to contain over 200 
single irregularly shaped filaments of from 3 to 5y 
in diameter. The x-ray diagram (Figure 8) shows 
an identity period of 2.6 A along the fiber axis and 


that the material is crystalline and well oriented. 


Polyester Fibers 

Lavsan. Lavsan is the only Russian polyester 
fiber that has been discussed extensively in the litera- 
ture. Shikanova gives the chemical structure for a 
repeating unit of the polymer; it is a polycondensa- 
tion product of terephthalic acid and ethylene glycol 
[36]. Chemically, therefore, the Russian fiber should 
be identical with British Terylene and American 
Dacron. 

The breaking strength of Lavsan has been given 
as 2.5-4.7 g./den., which is much weaker than the 
6.0-7.0 g./den. characteristic of some of the Dacron 
fibers produced in this country. This is strange, 
because the Russians usually aim for tenacity at the 
expense of elongation (they maximize the orientation 
of the fiber by drawing). 

In an article on heat stability, Motorina reports a 
polyester fiber as having an initial strength of 7 
g./den. [25]. The author did not identify this fiber 
as Lavsan, so it might have been a sample of Dacron 
or Terylene. 

Gorbacheva and Mikhaylov studied Lavsan by 
means of x-ray patterns and also by means of ther- 


mographic analysis, a type of differential thermal 


Fig. 8. X-ray diagram of the Russian fiber Ftorlon. 
analysis [11]. Thermographic data were used to 
determine the heat of fusion; the value found (9-11 
cal./g.) differs considerably from that found by 
American scientists (16 cal./g.). 

V. V. Korshak, Dep- 
uty Director of the Institute of Organoelemental 


Heterogeneous polyesters. 


Compounds, is conducting a series of studies on fiber- 
forming polyesters. These studies to date have in- 
cluded systems of mixed polyesters of tetramethylene 
glycol and two dicarboxylic acids as well as poly- 
esters of m-xylyleneglycol with various aliphatic and 
aromatic dicarboxylic acids [16, 17]. His principal 
objective is to determine the effect of various sub- 
stituents and structures upon polyester properties, 
and most of the fibers resulting are not improve- 
ments upon Lavsan. However, it should be pointed 
out that Korshak was responsible for much of the 
work involved in producing Anid and Lavsan [6]. 
Secause of this experience, Korshak would be in a 
favorable position to quickly exploit the break- 


through if any of these research studies concerning 
fiber-forming polyesters should lead to the prepara- 


tion of a new fiber with properties superior to 
Lavsan or Dacron. 
Vinyl or Acrylic Fibers 


Nitron. Nitron, also called Nitrolon, is a poly- 
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acrylonitrile fiber that is chemically quite similar to 
the Orlon produced in the United States. Roskin’s 
work at the Kirov-Leningrad Textile Institute on 
the redox polymerization of acrylonitrile is related 
30, 31}. 
sian article reports that Nitron (molecular weight 
of 25,000—50,000) is spun from a 16-18% solution 
in dimethylformamide into a spinning bath contain- 
It states that 
the fiber is stretched as much as 5000% to yield a 
g./den. [32.] The 
Kalinin Artificial Fiber Combine has installed ex- 


to the development of this fiber One Rus- 


ing polyethylene glycol phenyl ethers. 
product with a tenacity of 5.5 


perimental equipment for the production of Nitron 
[5]. In addition, Russian scientists are also trying 
to improve upon Nitron and produce a modification 
that has greater elasticity and will blend better with 
wool |41]. 


Saniv. In order to avoid dependence on the sup- 


ply of dimethylformamide necessary for spinning 


Nitron, the Russians have prepared a 40/60 copoly- 
This 
new copolymer dissolves readily in acetone and has 
been spun into the fiber Saniv. The strength of this 
new fiber is not known, but it is stretched 100—120% 
at an elevated temperature in order to increase its 


mer of acrylonitrile and vinylidene chloride. 


Saniv is reported to be 
Its stability 
to heat and light is reported to be greater than that 
of Ftorlon [29]. 

In addition to the work on Saniv, Russian scien- 


orientation and strength. 
resistant to acids and alkalis [8, 29]. 


tists are also investigating copolymers of acrylonitrile 
and vinyl chloride [43]. This would correspond to 
the fiber Dynel, which is produced by Union Car- 
bide Corporation in the United States. 

MTI-3. 


was the third fiber developed at the Moscow Textile 


This fiber was named MTI-3 because it 


Institute. 
[29]. 


Chemically, it is polymethacrylonitrile 
As could be anticipated, the methyl group 
interferes with molecular packing, and a poorer qual- 
ity fiber than polyacrylonitrile results. 

Soviden. This fiber is prepared from a copolymer 
of vinylidene chloride and vinyl chloride and would, 
therefore, appear to be a close relative of the Ameri- 
can fiber Saran [12]. 

Acrylonitrile-p-Aminostyrene. A patent has re- 
cently been issued to several Russian scientists for 
fiber-forming copolymers of acrylonitrile and p- 
aminostyrene [44]. The properties of the resulting 
fibers have not been reported in the literature, and 
no additional information is available from Chemical 


Abstracts. 
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Khlorin. This is a Russian fiber which is pre- 
pared from chlorinated polyvinyl chloride. It softens 
at 80-90° C. Its nearest counterpart outside Russia 
would be the German Pe Ce fiber [8]. 

This fiber is made from a mixture of 
“Khlorin” and nitrocellulose. The presence of the 


Vinitron. 


nitrocellulose raises the softening point to 150° C. 
Also, thanks to the nitrocellulose, the Vinitron does 
not shrink in water, and it dyes better and has a 
higher moisture regain than Khlorin |2, 24]. 

The principle of combining two chemical constitu- 
ents to produce a fiber with the better properties of 
each or with better properties than either constituent 
The 


principle may then be of greater importance than its 


alone may be applicable to other combinations. 


specific application to the preparation of Vinitron. 
Deirin. 
polymer of formaldehyde which Professor 


This is a new _ high-molecular-weight 
serlin 
claims has a fiber strength comparable to nylon [7]. 
Du Pont has prepared and marketed a superpoly- 
oxymethylene, Delrin, with excellent mechanical 
properties, although Delrin in fiber form is not avail- 
It is probable that 


Delrin and Deirin are chemically the same. 


able from Du Pont at this time. 

Korsunskiy has recently reported on a “polyfor- 
maldehyde” polymer and says only that there are 
good reasons to believe that high quality synthetic 
textile fibers can be produced from it. He advocates 
the preparation of a pilot plant to produce this poly- 
mer and mentions the Du Pont production of Delrin 
[18]. 

Organosilicon fibers. Andrianov’s work on the 
preparation of new high-molecular-weight organo- 
silicon compounds containing atoms of tin, titanium, 
aluminum, and other elements is quite well known 
among polymer scientists. However, Voronkov’s 
account of a Leningrad meeting on the chemistry 
and practical applications of organosilicon compounds 
mentions the actual or projected use of these poly- 
mers for the preparation of heat-resistant fibers [39]. 
Andrianov is quoted as stating that organosilicon 
compounds containing other hetero atoms such as 
titanium can be used for the production of fibers, 
elastomers, lubricants, and plastics which exhibit a 
high resistance to heat. In other statements at this 
meeting, Andrianov mentions the projected use of 
organosilicon polymers with organic side chains for 
fiber production. As far as is known, no American 
firm has developed heat-resistant fibers from organo- 


silicon polymers, and any Russian development in 
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this area would mean a possible breakthrough useful 
for military applications such as thermal protection. 


Conclusion 


Although these developments represent an increase 
in Soviet textile potential, Russian scientific and 
political leaders have expressed dissatisfaction with 
their rate of progress and a determination to do 
something about it. The president of the Russian 
Academy of Sciences has personally participated in 
the development of Enant. Russian literature has 
referred on numerous occasions to the establishment 
of new institutes and new divisions of old institutes 
that will concentrate on the development of new 
A possible threat from 
Soviet textile research lies, not in the development 
of slightly improved counterparts of nylon, Orlon, 
etc., but in the possibility of a real breakthrough 
emanating from extensive work in this field of new 
and unusual polymers. 


fiber-forming polymers. 


It is very possible that work 
on organometallic and inorganic polymers will even- 
tually lead to the development of fibers with an en- 
tirely new order of magnitude of heat resistance, 
The 


country that successfully develops fabrics of this type 


chemical resistance, and impact properties. 


with the required mechanical as well as thermal prop- 
erties could gain an advantage in such military end 
items as parachutes for supersonic use, personnel 
armor, and thermal protective clothing. 


Summary 


As of this date, the ability of the Soviet orbit to 
produce man-made fibers and textiles in quantity is 
far behind that of the United States. However, as 
shown in this‘report, Russia has produced at least 
three new fibers that have no counterparts in the 
Western world. The first of these, Enant, a nylon 7, 
represents a scientific achievement in applying chemi- 
cal theory to the preparation of a new fiber from 
cheap raw materials. The second new fiber, Ftorlon, 
is a fluorine-containing copolymer with good resist- 
ance to chemicals. It possesses better mechanical 
properties than the only fluorine-containing fiber 
The third 


fiber, Vinitron, is a superior product resulting from 


available in the Western world, Teflon. 


the combination of a cellulosic material with Khlorin 
(chlorinated polyvinyl chloride). This is a com- 
bination principle that may be applicable to other 
combinations of natural and synthetic polymeric fibers. 

Other so-called new Russian fibers are actually so 


closely related to well-known Western developments 
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that the degree of originality in their development 
cannot be accurately determined. In this category 
are Lavsan, Anid, Nitron, Kapron, and Khlorin, 
corresponding to Dacron, nylon 66, Orlon, nylon 6, 
and the German Pe Ce. 

The satellite countries are also active in many 
Steelon, al- 
though a nylon 6, is claimed to be a Polish devel- 
opment in many ways, from the research phases to 
production. 


phases of man-made fiber technology. 


The East German development of hol- 
low fibers certainly shows competence in evolving 


new spinning techniques. Even the small country of 


Latvia seems to be developing new and inexpensive 


methods of producing raw materials for more heat- 
resistant polyamide fibers. This combination of the 
ability of the Russian scientists to develop new fibers 
and to exploit Western developments, with the in- 
creasing support to be expected from satellite coun- 
tries such as East Germany and Poland, make the 
Soviet orbit a future contender for first place in 
man-made fiber technology. 
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Effect of Cellulase on Cotton Fiber Microstructure’ 
Part I: Degradation by Cellulase in Fungal Growth Filtrates 


Blanche R. Porter, Jarrell H. Carra, Verne W. Tripp, and Mary L. Rollins 


Southern Regional Research Laboratory,? New Orleans, Louisiana 


Abstract 


Electron microscopical studies of changes in cotton fiber microstructure, after ex- 
posure of the fibers to the cellulase in filtrates prepared from cultures of Myrothecium 
verrucaria, showed evidence of the transverse, jagged cuts into the cellulose structure 
previously seen by optical microscopy. The degradation appeared localized in areas 
along the length of the fiber which were not related to any recognized component of fiber 
structure. Micrographs of fragmented, degraded fibers showed etching of the macro- 
fibrils of the sheets of secondary wall and a sharpening of the image of the individual 
microfibrils. Continued enzyme attack produced smaller fragments and hydrocellulose- 
like particles. Measurements of changes in tensile strength, swelling in alkali, and in 
glucose yield were correlated with changes in microstructure. The extent of fiber 
degradation by cellulolytic culture filtrates was limited and could be continued only if 
fibers were swollen between filtrate exposures. No evidence of damage to the cellulose 
structure was seen which could not be explained by hydrolysis at the B-1,4-glucosidic 
linkage. 


Introduction Part 1; the results of studies on fibers degraded dur- 
ing the growth of cellulolytic microorganisms are re- 


Many studies of the action of the cellulase enzyme ae 
) : ported in Part IT. 


have been reported, summaries of which were made 
by Siu in 1951 [15] and more recently by Grimes : 
A [I>] = Rl Materials and Methods 
[2] and Hash [3]. Marsh [8] and Blum [1] have 

recently reported optical microscopic findings on Cellulose Samples 


cotton fibers attacked by enzymes, but no extensive Unless otherwise noted, fiber samples were from 


studies of changes in cotton fiber microstructure by 


. a stock lot of raw Deltapine cotton sliver. Scoured 
electron microscopical techniques have been pub-  ¢hers were obtained by scouring the raw sliver in 
lished. he electron micrographs published with 2% NaOH for 7 hr.: mercerized fibers, by treating 
other findings by several investigators [1, 4, 8, 14] the scoured fibers with 18% NaOH. Mercerized 
fibers showed complete conversion to cellulose II. 
A scoured, combed, 20/1 yarn was used in some 
tests. Carboxymethyl cellulose (CMC), 1.2% solu- 


tion in pH 5.6 citrate buffer, was used to compare 


have indicated the possibility of the use of electron 
micrographs to illustrate and interpret changes in 
the microstructure of various celluloses after enzyme 
attack. The studies reported herein were designed 


to mavesugme further the value of observations by filtrate activities by measurement of viscosity changes 
electron microscopical techniques during enzyme at- or yield of glucose [11]. 
tack on whole cotton fibers and to attempt to relate 


these changes to simultaneous, quantitative measure-  Cellulase Sources and Sample Exposure Methods 


ments of fiber degradation. Studies of cotton fibers aa : , : ; 
, é Filtrates from cultures of the fungus, MW yrothecium 
degraded by the cellulolytic enzymes obtained by ‘eres ; ' a, 
" ; ; -  -verrucaria,® in an inorganic salts medium, were pre- 
pared by the techniques described by Marsh [7]. 
1 Presented at the Gordon Research Conference (Microbial Two cellulase preparations were supplied by the 
Deterioration Section), New Hampton, New Hampshire, — 
July 20-24, 1959 3 Obtained from Cotton and Cordage Fibers Research 
2 One of the laboratories of the Southern Utilization Re- 3ranch, Crops Research Division, Agricultural Research 
search and Development Division, Agricultural Research Service, U. S. Department of Agriculture, Beltsville, Mary- 
Service, U. S. Department of Agriculture. land. 


filtering microbial culture media are reported in 
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Microbiology Laboratory, Pioneering Research Divi- 
sion, Quartermaster Research and Engineering Cen- 
ter, Natick, Massachusetts. 
cotton samples were exposed to solutions of these 
filtrates in the acetate buffer described by Whitaker 
{20}. Approximately 40 mg. of combed, parallelized 
fibers was exposed singly, in 4-ml. vials, for fiber 


Unless otherwise noted, 


bundle tensile strength measurements. Samples used 


in alkali swelling-centrifuge tests were exposed ac- 


TABLE I. Increase in Alkali Swelling of Raw, Scoured, and 
Mercerized Cotton Fibers Exposed to M. Verrucaria 
Culture Filtrates * 


Swelling factor, ©; Tt 
Type of cotton used in cultures 
to produce filtrate 
Cotton sample 


exposed to 
filtrate 


Mercerized 
sliver 


Raw Scoured 


sliver sliver 
Raw sliver 127 91 24 
Scoured sliver 144 141 84 
Mercerized slivert 109 106 60 


* Swelling values measured after exposure to 1/10 dilutions 
of the filtrates for 2 hr. at room temperature using pH 5.6, 
M/20 acetate butter. 

t Swelling factor (°; 
of the experiment, were calculated by subtracting the alkali 
swelling-centrifuge value of the appropriate control cotton 
from the value of the degraded cotton [7]. Control swelling 
scoured cotton, 205°; 


values, obtained in four replications 


values were raw cotton, 195°,; ; mer- 
cerized cotton, 194°). 
t Preswelling of the fiber by the mercerizing alkali possibly 


perturbated these values. 


a 


Fig. 1. 
tion 1:4; (b) 
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cording to methods described by Marsh [6]. En- 
zyme activity was terminated by rinsing samples in 
boiling water, then drying at 120° C. for 2 hr. Con- 
trol samples, consisting of a cotton sample immersed 
in buffer solution, were used in all experiments. 
Samples were exposed statically at room tempera- 
ture or, for tests at higher temperatures, in a water 
bath. 


Physical and Chemical Measurements 


The alkali swelling-centrifuge test of Marsh [6, 7] 
was used to measure activity of dilute filtrates. Glu- 
cose yields were measured by a colorimetric tech- 
nique [21]. 
on samples dried to constant weight after rinsing on 
Tensile 


Weight loss measurements were made 


medium or fine porosity fritted glass filters. 
strength measurements of fibers or fiber bundles were 
made by the techniques described by Orr [9], at {-in. 
jaw spacings unless otherwise designated. Adsorp- 
tion of protein by cottons from filtrate solutions was 
measured by determination of changes in protein 
content of the supernatant solutions by the methods 
described by Lowry [5]. Ultraviolet spectral analy- 
ses were made using the Cary Spectrophotometer, 
Model XIV. 

Electron micrographs of replicas of the fiber sur- 


faces, and of fragments of fibers obtained by beating 


suspensions of fibers in distilled water in the Waring 
the methods 


Blendor for 30 min., were made by 
described by Tripp [17]. 


Replicas of surfaces of scoured fibers exposed to diluted M. verrucaria culture filtrates for 1 hr.; (a) filtrate dilu- 
filtrate dilution 1:1. 
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Results 


Activity of Dilute Solutions of Myrothecium verru- 
caria Culture Filtrates During Short Exposure 
Intervals 


In Table I, the filtrate produced from cultures on 
raw cotton shows approximately equal activity on 
raw and scoured sliver. Filtrates from cultures on 
scoured cotton are less active on the raw than on 
scoured fiber samples. The filtrates from cultures 
on mercerized cotton produced significantly lower 
swelling values on each of the samples. The total 
protein synthesized in each of the cultures was ap- 
proximately equal, but in subsequent tests, mercerized 
sliver was found to adsorb five times as much pro- 
tein as scoured sliver from a M. verrucaria filtrate 
solution during a 5-hr. interval and approximately 
15 times as much protein as scoured fibers from a 
Trichoderma viride* filtrate solution in a 64-hr. 
exposure interval. 

No decrease in staining with Ruthenium Red, used 
to indicate presence of pectic materials, was found in 
raw fibers exposed to filtrates from cultures on 
scoured fibers for 1 hr., and only slightly less stain- 
ing 
ever, 


How- 
1-hr. 
posure to filtrate from cultures on raw cotton. 


The values of glucose yields from the samples 


vas observed after a 23-hr. 
raw 


exposure, 


fibers were unstained after a ex- 


exposed for swelling tests were real, but were too 
low to demonstrate accurately variability in yield by 
the action of the filtrates on the three types of sam- 
ples. 

Swelling values were decreased when a citrate in- 
stead of an acetate buffer was used with any of the 
filtrates on raw sliver or with filtrates from cultures 
on raw sliver, used on scoured or mercerized sam- 
ples. However, filtrates from cultures on raw cotton 
did give maximum yield of glucose from solutions 
of carboxymethyl cellulose in a citrate buffer. 

Electron micrographs of replicas of fiber surfaces 
(Figure 1) represent the type, but not the extent, 
of damage incurred during short term exposures of 
the fibers to dilute solutions of filtrates. Evidence 
of damage was found infrequently in the large num- 
ber of replicas examined. Examination of filtrate- 
exposed fibers in polarized light showed no correla- 
tion of the cracks illustrated in these micrographs 


with the reversal points of the fibrils in the secondary 


4Supplied by Microbiology Laboratory, Pioneering Re- 
search and Engineering Center, Natick, Massachusetts. 


~~~ — ScouReD> 
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Fig. 2. Decreases in tenacity and loss of cellulose content 
to glucose in cotton fiber bundles exposed to M. verrucaria 
growth filtrates (tenacity measurements made at #-in. jaw 
spacing ). 


layers. The cracks are seen to be predominantly 


transverse and surrounded by some surface erosion. 


Activity of M. verrucaria Culture Filtrates During 
Long Exposure Intervals 


Decreases in tenacity and losses of cellulose con- 
tent to glucose were significantly greater for fully 
mercerized fibers than for raw or scoured fibers dur- 
ing a 128-hr. exposure to culture filtrates (Figure 
2). The raw fiber bundles were exposed to filtrates 
from cultures on raw cotton, and the scoured and 
mercerized samples to filtrates from cultures on 
scoured cotton. Each filtrate was used at approxi- 
mately growth concentration. 

Electron micrographs of replicas of surfaces of 
fibers exposed in these tests (Figure 3) again show 
transverse cracks of the surface. These micrographs 
are representative of the extent of damage seen at 
this level of enzymolysis. However, these replicas 
were made on fibers which had been broken to meas- 
ure the loss in tensile strength and some of the 
surface distortion may have been caused by the force 
applied to the fiber structure during the breaking- 
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The surface of the mercerized fiber 
(Figure 3b) again proposes the idea of some peri- 
odicity of attack. 


strength test. 


The fragments of the enzyme-degraded fibers (Fig- 
ures 4b and 4c) show two characteristic differences 


TABLE II. Activity of M. Verrucaria Culture Filtrates on 
Fibers Containing a Water Cellulose Structure * 


Weight loss, Glucose yield, 
Fiber modification % % 


Water cellulose, 13°, NaOH 26 15.0 
Water cellulose, 18°% NaOH 35 18.4 
Mercerized sliver 10 6.6 
Scoured sliver 4 1.8 


* Approximately 250 mg. of scoured sliver, prepared as water 
celluloses [12], and of stock scoured and mercerized slivers 
were exposed to a 1:1 dilution of filtrate in 25 ml. of solution 
for 72 hr. at 30° C. 


TABLE III. Activity of M. Verrucaria Culture Filtrates on 


Fragmented Scoured Cotton * 


Fragmented fibers Intact fibers 


Exposure, Weight Weight Glucose 
time loss, yield, loss, vield, 
( « « tf 


hr. ( c c c 


Glucose 


1 1.1 0.47 0 0.08 
16 2.6 1.0 0.4 0.34 


64 6.0 3.7 0.6 1.0 


in 20 ml 
3 dilution of filtrate from cultures on scoured sliver 


a. 


'f 


* Approximately 0.2-g. samples exposed at 30° C 
of 1: 


Fig. 3. 


ture strength, exposed for 64 hr. 


Replicas of surfaces of fibers exposed to concentrated M. verrucaria culture filtrates ; 
strength twice original culture strength, exposed for 118 hr.; 
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from those of the undegraded fibers (Figure 4a). 
First, there appear to be more longitudinal tears in 
the sheets of fibrils, resulting in the clear areas which 
appear randomly throughout the sheet. 
surfaces of the sheets from degraded fibers show an 


Second, the 


etched or pitted appearance, apparently caused by the 
detachment of small portions of the macrofibrils. A 
more general observation of the appearance of frag- 
ments of enzyme-attacked fibers is the sharpening of 
the fibrillar image throughout the sheets. 


Effect of Swelling of Fibers on Enzyme Hydrolysis 
Rate 
Glucose yields from fibers repeatedly treated with 
15% 


were at least seven times as large as the yields from 


NaOH between exposures to growth filtrates 


Electron micro- 


samples exposed to filtrates only, 


graphs of these fibers showed extensive disorienta- 
tion of the fibrils in the secondary wall of the fibers. 
Similar increases in glucose yields were obtained in 
fibers containing the distended lattice structure of 
water cellulose [12] when exposed to growth filtrate 
solutions (Table II). 


Exposure of Fragments of Fibers to Ensyme Hy- 
drolysis 


Fragmentation of scoured fibers in the Waring 
Blendor before exposure to culture filtrate solutions 


(a) scoured fiber, filtrate 
(b) mercerized fiber, filtrate strength equal to original cul- 
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Fig. 4. Changes in fragmentation patterns of scoured 
fibers after exposure to concentrated filtrates; (a) control, 
not exposed; (b) M. verrucaria filtrate, 28% tensile strength 
loss; (c) T. wvtride filtrate, 70% tensile strength loss. 


caused an increased rate of enzyme hydrolysis (Ta- 
ble IIT). 

The rapid degradation of the fragmented cotton is 
illustrated in the micrographs shown in Figures 5, 6, 
These samples were exposed while mounted 
For- 


and 7. 
on the grids used in the electron microscope. 
mation of open spaces in the fibril sheets and evi- 
dence of etching of the fibril surfaces were apparent 
after a l-hr. exposure. Lateral breaks in the sheets 
and the formation of bundles of hydrocellulose-like 
particles (Figure 5c) indicate penetration of the en- 
zyme within the body of the macrofibrils and the 
scission of a sufficient number of chains to rupture 
the fibrils. The texture of the sheet of mercerized 
cotton (Figure 5d) is coarser than that of sheets 
from raw and scoured fibers. In Figures 6 and 7, 
continued action of the enzyme is shown to have 
caused almost complete destruction of the fibrillar 
structures, and the residue consists of particles re- 
sembling hydrocellulose particles. 

Breaking Strength Losses in Enzyme-Degraded 
Fibers as a Function of Methods of Measurement 


A 70% decrease in scoured fiber bundle tenacity, 
measured at }-in. jaw spacing, resulted from ex- 
viride filtrate preparation 
This decrease was in excess of the 


posure of fibers to a 7. 
(Figure 4c). 
values usually reported [1, 13] and of those obtained 


in the experiments on scoured fibers illustrated in 
Figure 2. Tensile strength measurements by various 
techniques on fibers exposed to equal concentrations 
of the filtrate are shown in Table IV. The }-in. 
jaw spacing used on fiber bundles is found to be a 
more sensitive measure of strength loss than tests 
at zero jaw spacing or tests of fabric strips. 


Discussion 


The intact fiber form of cotton cellulose was used 
in fungal cultures to insure the induction, during 
growth, of all the enzymes necessary to produce 
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typical fungal degradation of the cotton fiber. No 
enhancement of observed cellulolytic activity was 
obtained in attempts to extract additional enzymes 
or cofactors from the culture media. The tests used 
to measure changes in the fiber microstructure, elec- 
tron micrographs, swelling in alkali, and changes in 
tensile strength describe the additive effects of single 
breaks in the cellulose molecules on the fiber micro- 
structure and physical properties. Measurements of 


Se 


~ 


Cc 


Fig. 5. 
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glucose yield show the mechanism of single chain 
cleavage and indicate, but do not necessarily meas- 
ure, the extent of breakdown of the single chains. 
Measurements of weight loss show the formation of 
soluble and filterable products, which may include 
units of many short cellulose chains. Comparison of 
the results of these tests is of considerable value in 
arriving at a picture of enzyme activity on cotton 
cellulose. 


> 


d 


Changes in microstructure of secondary lamellae after exposure of fragmented fibers to filtrates for 1 hr.; (a) 


scoured cotton, filtrate dilution 1:16; (b) scoured cotton, filtrate dilution 1:4; (c) scoured cotton, filtrate dilution 1:0; 


(d) mercerized cotton, filtrate dilution 1:1. 
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Changes in microstructure of secondary lamellae 


Fig. 6. 
after exposure of fragmented scoured fibers to filtrates for 
16 hr.; (a) filtrate dilution 1:16; (b) filtrate dilution 1:4; 
(c) filtrate dilution 1:0. 


The Nature of Cellulase Action Shown by Electron 
Micrographs of Exposed Fibers 


Electron micrographs of surface replicas of filtrate- 


exposed fibers showed the lateral cracks in the fiber 


previously observed by Marsh [8] in optical micro- 
scopical studies. There was evidence of destruction 
of the primary wall structure in the vicinity of the 
cracks, but no evidence of extensive and preferential 
degradation of the primary wall cellulose during the 
short-term exposures which resulted in the large 
Table I. The 


enzyme attack appears to proceed along planes trans- 


increases in alkali swelling listed in 


verse to the fiber axis by destruction of the amor- 
phous regions of the microfibrils. This mechanism is 
illustrated by the micrographs of fragmented fibers 
in which etching, or pitting, of the microfibrils is 
observed. 
which occur before the formation of the hydrocellu- 


The large changes in physical properties 


lose-like particles evidently are caused by an intense 
attack at localized points along the fiber axis. 


Variations in Alkali Swelling of Enzyme-Degraded 
Fibers 
The variations in filtrate activities shown by the 
swelling values given in Table I can be attributed 
to the lack of a pectinolytic factor in filtrates from 
and mercerized cottons, the 


cultures on scoured 


adsorption of protein with cellulolytic activity by 


mercerized cotton, or reorientation of internal con- 
straints to swelling and more diffuse cellulase attack 
in mercerized fibers. However, none of these varia- 
tions are explained by differences in the method of 
attack on the cellulose chains. Since the increased 
swelling in alkali of enzyme-degraded fibers is some- 
times used to illustrate the probability of the ex- 
istence of differences in specificity of cellulases from 
various sources, it appears expedient to review some 
factors operative in the swelling of degraded cotton 
fibers in the mercerizing strength alkali (approxi- 
mately 16%) used in the alkali swelling-centrifuge 
test. 
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TABLE IV. Variations in Strength Losses with Techniques of Measurement for 
Cottons Exposed to Equal Concentrations of Culture Filtrates 


Method of measurement of breaking strength 


Form of 
cotton 


tested Instrument 


Instron 
Stelometer 
Stelometer 
Scott Tester 
0-55 lb. 


Single fibers 
Fiber bundles 
Fiber bundles 
Fabric, 


80-square 


Mechanisms of Swelling of Degraded Cotton Fibers 
in Mercerizsing Strength Alkali 


The forces applied during centrifugation in the 
alkali swelling-centrifuge test are presumed to ex- 
press most of the solution from interfiber spaces, and 
the volume of alkali which can be retained by the 
fiber is thus determined approximately by the me- 
chanical constraints opposing the swelling forces 
within the fiber. The primary wall has often been 
considered the primary constraint because of the use 
of methods which involve the swelling in strong 
alkali of a cross section cut from the fiber body and 
observation of changes in diameter with an optical 
microscope. The cutting of the cross sections ap- 
proximately 10, thick releases a large proportion of 
the internal constraints within the secondary layers 
because of the low spiral angle of the cellulose chains 
comprising the fibrillar structure about the fiber axis. 
The primary wall, in which the fibrillar array of 
cellulose forms a criss-cross pattern at approximately 
70° to the fiber axis, retains a much greater me- 
chanical force opposing swelling after the section is 
cut from the fiber. However, this constraint cannot 
become operative until the cross section has achieved 
an almost circular configuration. When a whole fiber 
is swollen, the internal constraints of the secondary 
layers limit the volume of liquid which can be con- 
tained within the capillary spaces of the fiber, and 
the constraint of the primary wall is a secondary 
effect. 

Tripp [16] showed that the extraction of the 
waxes, pectins, and other noncellulosics from the 
primary wall of a fiber caused a 100% increase of 
the swollen in 18% 


diameter of a section 


Alkali 


fibers used in the present studies was only 


cTOSS 
SCC sured 
10% 


undegraded raw fibers, 


caustic. retention by undegraded 


greater than retention by 


illustrating the very large effect of the internal con- 


Gauge 
length, in. 


Unit Strength loss, “; 


Breaking 

load, g. 

Tensile strength 

g./grex 

Breaking load, 
Ib. 


straints within the secondary wall structure during 
swelling. 

Several investigators [6, 11] have proposed that 
the increased swelling of cellulase-degraded fibers is 
caused by destruction of the primary wall cellulose 
on the basis of comparison with the increased swell- 
ing produced by other types of degradation, includ- 
ing beating in the Waring Blendor for 5 min., abra- 
sion with emery cloth, and exposure to HCl. Each 
of these methods may be shown to involve secondary 
wall damage also. The fragments of fibers obtained 
after beating in the Waring Blendor for various in- 
tervals of time indicate the rupture of forces which 
maintain fiber integrity. The latent damage within 
the macrofibrils of the sheets of exposed secondary 
wall may be shown by the increased crimping of the 
fibrils when treated with 18% alkali as compared 
with fragments from fibers treated before fragmenta- 
tion. Congo Red staining studies of abraded fibers 
show penetration of the dye into the body of the 
fiber in fibers treated with emery cloth. The imme- 
diate and extensive changes in DP of fiber cellulose 
during HCl hydrolysis imply scission of chains 
within the secondary wall, which contains the bulk 
of the fiber cellulose. 

The methods described above also degrade the 
fiber by fracture of cellulose chains, either by me- 
chanical rupture or by acid hydrolysis of the 8-1,4 
glycosidic linkage. The increased swelling of en- 
zyme attacked fibers could be caused by chain cleav- 
age only. Whenever a chain is cleaved, the loading 
of adjacent chains is increased, and these chains 
thus become more vulnerable to rupture by exter- 
nally applied strains. The comparative inefficiency 
of HCl degradation in producing swelling as demon- 
strated by Marsh [6] may be attributed to the more 


even distribution of the chain cleavage throughout 


the less well-organized regions of the fiber, compared 


to the intense, localized attack of the larger enzyme 
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a 


Fig. 7. 


(a) filtrate dilution 1:4; 


molecule. The induced internal strains are evenly 
distributed throughout the fiber, in contrast to the 
highly localized strains existing in enzyme-degraded 
fibers. The forces of swelling by alkali cause an 


increased chain cleavage in the highly strained fibrils 


adjacent to the enzyme degraded areas, whereas rup- 


ture of the less strained fibrils adjacent to areas of 
acid degradation is not as extensive and is less dis- 
ruptive of the integrated swelling constraints of the 
layer structure. The altered structure of mercerized 
fibers, which are shown to be more accessible to 
enzyme attack than raw or scoured fibers (Figure 2), 
causes a more even distribution of internal con- 
straints in the undegraded fibers and a less localized 
attack the alkali- 


swelling values are obtained because of less chain 


by enzyme molecules. Lower 
cleavage by swelling forces and larger internal con- 


straints to swelling. 


The Nature of Cellulase Action Shown by Studies of 
Changes in Tensile Properties and Glucose Yield 
During Exposure of Fibers to Fungal Growth Fil- 
trates 
Losses in fiber tensile strength accompanied by 

simultaneous yield of glucose is accepted as evidence 

of hydrolytic cleavage of the cellulose chains at the 

B-1,4 glycosidic link [19]. The data illustrated in 

Figure 2 show that the raw and scoured fibers are 

degraded to an equally limited extent by the culture 


Changes in microstructure of secondary lamellae after exposure of fragmented, scoured fibers to filtrates for 64 hr.; 


(b) filtrate dilution 1:0. 


filtrates used. Mercerized fibers exhibit greatly in- 
creased degradation by the total loss of breaking 
strength and a proportionately larger yield of glu- 
cose. Walseth [18] maintained initial enzymolysis 
rates on scoured fibers by repeated swelling of the 
samples in 85% phosphoric acid, which causes un- 
limited intracrystalline swelling and an extremely 
heterogeneous distribution of the lateral interchain 
distances. Electron micrographs and the data in 
Table III have shown the extensive increase in deg- 
radation produced by swelling with NaOH during 
enzymolysis. These experiments with swollen cot- 
ton, the findings of Walseth that the levelling-off 
rates of enzymolysis give values of amorphous con- 
tent of the fibers, and the studies of Reese [12, 14] 
showing the resistance of hydrocelluloses to degra- 
dation by growth filtrate preparations all demon- 
strate the inability of presently available extracellular 
cellulases to penetrate completely and degrade all of 
the amorphous areas in unmodified fibers and to 
attack the crystalline areas. 

Another aspect of the mode of cellulase attack is 
demonstrated by the differences in tensile strength 
of equally degraded fibers which occur when meas- 
At 


zero jaw spacing, only a fraction of a millimeter of 


urements are made at increased jaw spacings. 


fiber length is tested, and the probability of finding 
a damaged spot in fibers having only localized de- 
the 


graded areas is minimal. At {-in. spacing, 
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probability that a damaged area will be between the 


jaws is greatly increased. Orr [10] showed only a 
5-10% decrease in tensile strength of HCl-degraded 
samples when the }-in. jaw spacing instead of a 
zero spacing was used, but a 24% decrease occurred 
when enzyme-degraded samples were measured at 
this spacing (Table IV). The localized attack of 
the enzyme along the fiber axis is revealed in this 
comparison, but no structural features of the fiber 
could be related to the preferentially degraded areas. 
Examination of exposed fibers with polarized light 
showed no correlation of the cracks with the points 
of reversal of the secondary layers. 

Orr [10] also demonstrated that mercerized fibers 
showed less loss in tensile strength than raw or 
scoured fibers during acid hydrolysis to equal ex- 
tents of bond breakage. In contrast, greater loss in 
strength was incurred by mercerized fibers than by 
The 


increased degradation by the cellulase enzyme is prob- 


raw and scoured fibers during enzymolysis. 


ably not only a function of the increased amorphous 
content, but also of the increased accessibility of the 
amorphous regions in mercerized sliver to the en- 
zyme molecule. 


Conclusions 


The evidences of degradation of the cotton fiber 
microstructure observed can be explained as a hydro- 
The attack oc- 
curs in isolated areas along the fiber axis, not iden- 


lytic attack of the cellulose chains. 


tified with a known structural feature, and produces 
the jagged transverse cracks in the fiber observed 
both in electron and optical micrographs. 

Continued enzymolysis produces an etching, or 
pitting, of the surface of the macrofibrils and the 
formation of small fragments, which include some 
particles similar in appearance to hydrocellulose 
particles. 

More extensive and uniform etching of macro- 
fibrils and formation of hydrocellulose-like particles 
are observed in enzyme-degraded, mercerized, or 
fragmented fibers than are found in fragments of 
degraded, unmodified, raw, or scoured fibers. 
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Part II: Degradation During Growth of Cellulolytic 
Microorganisms 


Abstract 


Electron microscopical studies were made of changes in cotton fiber microstructure 
on samples from cultures of the bacterium Cellvibrio fulvus and the fungus Myrothecium 
verrucaria. Bacterial colonies, growing in the folds of the primary wall, caused diagonal 
or longitudinal splitting of the fiber surface. Degradation by the fungus was charac- 
terized by transverse cracks in the fiber wall. Other changes in fiber microstructure 
during microbial growth were similar for both organisms. In areas of intense attack, 
surface replicas showed single fibrils detached from the underlying structure; on mer- 
cerized fibers, hydrocellulose-like particles on the surface at times obscured the surface 
structure. Fragmentation patterns indicated a continued breaking down of the fibrillar 
structure into small fragments and particles. The final degradation products, seen in 
electron micrographs, resembled particles produced by a limited, heterogeneous acid 
hydrolysis, but positive identification with hydrocellulose particles has not been made. 
Cottons modified to produce a more expanded microstructure with higher amorphous 
cellulose content showed large decreases in resistance to microbial attack. Attack by 
growing microorganisms was more intense and rapid than degradation by growth filtrates 
obtained from cultures of cellulolytic fungi, but the mode of degradation was similar. 


Introduction KH,PO,, 1.40 g.; MgSO,-7H.O, 0.20 g.; yeast 
extract, 0.10 g.; with NaOH added to adjust pH 


The partial degradation of cotton fibers by the to 7.7 
i O 4.4. 


action of the cellulase in growth filtrates was de- 
scribed in Part I of this paper. More rapid and 
extensive destruction of fiber substance has been 
shown by other investigators [4, 8] to result from 
growth of cellulolytic microorganisms on the fibers. 


Hydrocellulose samples were prepared from al- 
cohol-extracted, scoured sliver by methods described 
by Nelson [3]. Fabric breaking strength tests were 
made in accordance with ASTM procedures [1] 
: : 3 using 1 X 6-in. fabric strips, stripped to a fixed 
Electron microscopical observations of the changes , a ae : 
sae ’ } : thread count. X-ray diffraction data were obtained 
in fiber microstructure during microbial growth are : 


: by procedures described by Segal [6]. Other de- 
reported herein. . : 


tails of procedures were given in Part I. 


Materials and Methods Results 


The bacterium Cellvibrio fulvus' and the fungus = Electron Microscopical Observations of Fibers De- 


Myrothecium verrucaria* were grown on the stock graded by Growth of M. verrucaria and C. fulvus 
cotton slivers described in Part I and on unmodified ; : . . 
rea ‘ : ‘ A typical fiber surface, supporting both hyphae 
fabric samples from a bolt of gray, 80-square print < , 4 Maes 
Meare 7 and spores of M. verrucaria, is shown in Figure 1. 
cloth, portions of which were scoured or scoured and, 
; ey pPaPN- The hyphae were observed to grow at random, both 
then slack mercerized. Modified fabric samples were es ‘ 
; Pie ging Bid ’ on and within the fiber, without respect to the sur- 
made from the same or similar fabric. The inor- , et - iia 
“it lis deceit tie: Mik, 18 ' face structure or other morphological features of the 
yanic salts media described by Marsh [2] were use . : :; : ; 
nance 7 as u arsh [2] ere usec fiber. Spores were prominent in many of the speci- 
for fungal cultures; bacterial culture media con- 


é j 3 é mens. A few micrographs showed colonies of C. 
tained per liter of solution: NH,NO,, 1.0 g.; 


fulvus on the fiber surface (Figure 2), but the repli- 


1 Obtained from Microbiology Laboratory, Pioneering Re- — procedures usually removed the — 
search Division, Quartermaster Research and Engineering In a large number of specimens, especially from raw 
Center, Natick, Massachusetts. and scoured fibers, there was evidence that attack by 

2 Obtained from Cotton and Cordage Fibers Research 
Branch, Crops Research Division, Agricultural Research . : ine Sage 7 : 
Service, U. S. Department of Agriculture, Beltsville, Mary- Replicas of fibers in initial stages of degradation by 
land. C. fulvus show evidence of small cracks which follow 


the bacterium followed the folds of the fiber surface. 
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the direction of these folds in the primary wall (Fig- 
ure 3). The bacteria cause splitting of the surface 
in a direction diagonal to the fiber axis, in contrast 
to the transverse direction of the cracks resulting 
from the growth of 1/. verrucaria (Figure 4). Be- 
cause of the unevenness of growth of microorganisms 
on any lot of exposed fibers, there was extensive 
variation in the amount of damage seen in the small 


areas of a single fiber surface viewed in an electron 


f 


] Bee 
vw, ; 
Qt it 

i { f 


’ 


Fig. 1. Surface replica of raw cotton fiber showing intimate 
contact with hyphae and spores of M. verrucaria. 


a 


Fig. 3. 


Surface replicas of fibers 7 days after inoculation with C 
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micrograph. This variability is evident in the ex- 


tent of damage pictured in Figures 5 and 6, In 


Figure 5a, the weakened primary wall is ruptured 


and pulled back to expose the underlying secondary 
wall fibrils. [xtreme deterioration of the fiber, with 
actual fracture and detachment of large portions, is 
shown in Figure 5b, where longitudinal cracks are 
etched parallel to the pattern of surface grooves. 
As degradation becomes more extensive, fungal 


Fig. 2. Surface replica of mercerized cotton fiber showing 
colony of C. fulvus in a groove on the fiber surface. 


. fulvus. Breaks in the fiber wall are parallel to folds in 


primary wall; (a) raw cotton, (b) mercerized cotton. 
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various intervals 
Breaks in the fiber 
raw cotton, 19 
mercerized cotton, 


Fig. 4. Surface replicas of fibers at 
after inoculation with M. 
wall are transverse to the fiber axis; (a) 
days; (b) scoured cotton, 29 days; (c) 
19 days. 


verrucaria. 


spores remain embedded in the fiber surfaces, sur- 
rounded by areas of extensive damage (Figures 6a 
and c). In these areas, the primary wall structure 
is absent and the fibrils of the secondary layers are 
revealed. Areas of erosion by the fungus occur pre- 
dominantly transverse to the fiber axis (Figure 6b). 
In later stages of growth, especially in mercerized 
fibers, individual fibrils are seen on the surface and 
tend to obscure the structures beneath (Figure 6d). 

Micrographs of fragmented fibers show in detail 
the production of short microfibrils by extensive en- 
zymolysis (Figure 7), and the formation of short 
fibrils correlates with extent of degradation by mi- 
crobial growth. Figure 7a shows the fragmentation 
pattern of an undegraded fiber. Sheets of secondary 
wall structure are predominant and only a few long 


fibrils are torn from the main structure. In _ bac- 


terial-degraded raw fibers (Figure 7b), many fibrils 


are broken and pulled away from the sheet, either 


in clumps or in smaller, individual pieces. Frag- 
ments of mercerized fibers, similarly inoculated (Fig- 
ure 7c), are broken into shorter fragments; many 
individual short pieces are seen, which are similar to 
those pictured on the fiber surface in Figure 6d. At 
the end of 18 days’ growth, mercerized fibers are 


fragmented almost entirely into either clumps of 


c 


fibrils or short microfibrils (Figure 7d). Raw and 
scoured fibers, inoculated with M. verrucaria 29 days 
before sampling, are fragmented into similar small 
clumps of fibrils or particles, but some longer sheets 


are found (Figures 8a and b). 


Changes in Physical Properties of Fabrics During 
Microbial Growth 
Strength losses in mercerized fabrics are incurred 
at a lower rate during microbial growth than losses 
Weight 
This lower rate of 


in gray and scoured fabrics (Figure 9). 
losses are more nearly equal. 
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strength loss by mercerized fabric is again found in 
the experiments illustrated in Figure 10. Amine- 
decrystallized and scoured fabrics lose strength at 
approximately equal rates, but the fabric which had 
been partially converted to water cellulose [4] is 
rapidly degraded (Figure 10). 

X-ray diffraction studies of growth-degraded and 
of control samples of amine-decrystallized fabric 
showed complete reversion of the mixed cellulose I- 
cellulose I] structure to cellulose I. The x-ray dif- 
fraction patterns of partially mercerized cottons in 
Figure 11 illustrate loss of cellulose II structure in 
the fabric samples, partially converted to water cel- 


The 101 cellulose II peak 
seen in the pattern of the control fabric 


lulose when inoculated. 
at 20.03 
sample (Figure lla) is significantly less intense in 
the pattern of the growth-degraded sample (Figure 


TABLE I. 


Form of cotton 
Method of growth used as control 
Scoured sliver 
Scoured sliver 


Liquid media in 
water-bath shaker 


Scoured fabric 
Alcohol-extracted 
scoured sliver 


On millipore 
filter on agar surface 


* Each growth period represents a separate experiment. 
+ Average of three measurements. 
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1lb). The decrease in intensity of the 101 and 002 
peaks is not as great. The patterns of scoured fibers, 
treated with 13% NaOH and inoculated before dry- 
lle and d), do not similar 
changes in the diffraction patterns of growth-de- 


ing (Figures show 


graded and control samples. 


Microbial Growth on Hydrocellulose 


The data in Table I show that the weight losses 
of scoured sliver during microbial growth are almost 
equalled by those of hydrocellulose in long term 
growth experiments. In shorter time intervals, the 
sliver is more rapidly solubilized. The electron mi- 
crographs of hydrocellulose particles which had been 
exposed to growth of M. verrucaria for 11 days 
(Figure 12) show evidence of a linear erosion of 


the surfaces of the particles. 


Weight Losses of Hydrocellulose Inoculated with M. Verrucaria 


Growth 
period, — 
Control 


Weight loss, “ot 


days* Hydrocellulose 


10 53 
11 42 


28 67 


28 71 


Fig. 5. 


Surface replicas of scoured fibers extensively degraded by bacterial growth. Two typical types of damage are 
illustrated; (a) 7 days after inoculation, (b) 10 days after inoculation. 
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Discussion 


Comparison of Fiber Degradation by Growing Mi- 
croorganisms with 
Growth Filtrates 


Degradation by Microbial 

The changes in fiber microstructure during micro- 
bial growth, illustrated by the electron micrographs 
of degraded fibers, resemble changes resulting from 
degradation by growth filtrates (Part 1), but growth- 


degraded fibers are more intensely attacked. The 


Fig. 6. 


Surface replicas of fibers showing 


263 
hyphae of M. verrucaria and the cells of C. fulvus 
cause destruction of the fiber structure at points of 
contact and penetrate deep into the secondary layers, 
creating more disorder in the fibrillar structures than 
observed in 


surface replicas of 


filtrate-degraded 
Fragmentation patterns reveal an extensive 
disordering of the secondary wall structure during 
growth, which results in almost complete disappear- 


fibers. 


ance of sheets of fibrils and the formation of small 
bundles of fibrils and of particles; filtrate-degraded 


t 
€ 


typical examples of damage by growth of M. verrucaria for various intervals ; 
(a) raw cotton, 19 days; (b) raw cotton, 11 days; (c) mercerized cotton, 16 days; 


(d) mercerized cotton, 7 days. 
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fibers, when fragmented, retained much of the fibril- 
lar sheet structure, but continued enzymolysis pro 
duced smaller fragments similar to those found in 
the intermediate stages ot degradation by growth. 
mechanism of 


No evidence of differences in the 


breakdown of the microstructure of filtrate- or of 
growth-degraded fibers was shown by micrographs 


The 


particles observed resemble hydrocellulose particles, 


of the fiber fragmentation patterns. smallest 


Fig. 7. 


(b) raw fiber, 3 days; 
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but do not have the sharp contours of particles from 
a heterogeneous acid hydrolysis of the fibers. 

The complete loss in breaking strength of growth- 
degraded fibers could be caused by degradation of 
the amorphous areas only. However, weight losses 
of whole fibers suggest solubilization of portions of 
the ordered or crystalline regions. This is confirmed 
by the weight losses of growth-degraded hydrocellu- 


loses. This complete loss of breaking strength could 


4 


\ 7 
A ay & 
a, 
Les 
a A 


~aue* 


“, 3 
Pa, 
x 


. ‘ 


. 
. 


a 


Changes in fragmentation patterns of fibers after attack by C. fu/vus for various intervals; (a) undegraded fiber; 
(c) mercerized fiber, 3 days; 


(d) mercerized fiber, 18 days. 
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a 


Fig. 8. Changes in fragmentation patterns of fibers after attack by ./. verrucaria for 29 days; 


also result from single, localized areas of chain scis- 
sion across a fiber diameter, and the early losses in 
breaking strength incurred during growth suggest 
this mechanism. However, evidence of a more gen- 
eralized attack is seen in the fragmentation patterns 
of growth-degraded fibers in the breakdown of the 
sheets of fibrils into small fragments and _ particles. 
The failure of growth filtrates to cause such extensive 
breaking up of the microstructure and complete loss 
of breaking strength in unmodified fibers suggests 
that all the amorphous content of these fibers is not 
accessible to the enzyme found in growth filtrates. 


Microhial Growth on \Vodified Cotton Fibers 


The increased resistance of mercerized fabric to 
loss in breaking strength during microbial growth 
(Figures 9 and 10) is at variance with the findings 
of increased accessibility of mercerized fibers to 
growth filtrates and with the early appearance of 
the fibrillate the 


However, the breaking strength of 


destruction of structure seen in 
micrographs. 
undegraded fabric structures is increased by mer- 
cerization. In addition, swelling of the fibers on the 
outer surfaces of the yarns decreases the accessibility 
of the fibers inside the yarn to the microorganisms. 

The cottons which were treated with alkalies of 
mercerizing strengths and inoculated before drying 
show an increased rate of degradation similar to that 
The de- 


crease in the height of the 101 peak in the x-ray dif- 


found in experiments with growth filtrates. 


b 


(a) raw fiber, (b) scoured fiber. 
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Fig. 9. Decrease in weight and breaking strength of 80- 
square cotton fabrics during growth of M. verrucaria. 


fraction patterns (Figures lla and b) of fabric 
treated with 18% NaOH indicates that this ex- 
panded lattice is attacked by the growing fungus. 
The fibers treated with 13% NaOH, which show a 
similar mixed cellulose I and cellulose II structure, 
do not show the same loss of cellulose II structure 
by growth of the fungus (Figures lle and d). A 
probable but unconfirmed explanation of this differ- 
ence is that in the first case the stronger alkali fully 
converts the fibers on the outside of the yarns in 





SCOURED 
—@e— AMINE DECRYSTALLIZED 
—o— MERCERIZED (ORIED) 
—x— WATER CELLULOSE (UNDRIED 
MERCERIZED) 


PERCENT DECREASE IN BREAKING STRENGTH 


40 
TIME IN HOURS 


Fig. 10. Decrease in breaking strength of 80-square modified 
cotton fabrics during growth of M. verrucaria. 


the fabric to water cellulose [4], but that each fiber 
treated with 13% alkali is only partially converted ; 
hence the regions of expanded lattices are not as 
accessible to the organism. The failure of the amine- 
decrystallized samples to be degraded at a faster rate 
than the unmodified, scoured fabric is explained by 
the reversion of this structure to cellulose I during 
the preparation and inoculation of the samples [7]. 

The data on weight losses of hydrocellulose (Ta- 
ble I) during microbial growth confirm the fact of 
attack on the crystalline portions of the fiber by 
growing organisms, in contrast to the limited attack 
by the cellulase in growth filtrates reported by Reese 
[5]. 


microbial 


The rate of degradation of the whole fibers by 


growth varies during growth and ap- 
proaches the slower rate of degradation of the crys- 
talline hydrocellulose. These observations are con- 


‘sistent with the observed increased rates of 
degradation of mercerized and water cellulose struc- 
tures, compared to unmodified fibers, by both growth 
filtrates and microorganisms, but growth filtrates 
were not observed to degrade the crystalline cellu- 


lose of any fibers. 


Conclusions 


Initial bacterial cellulolysis causes diagonal or 
longitudinal cracks in the surface of the fiber ; fungal 
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INTENSITY, ARBITRARY UNITS 











16 18 20 22 
DIFFRACTOMETER ANGLE IN DEGREES 


Fig. 11. X-ray diffraction patterns (radial tracings) of 
cotton exposed to growth of M. verrucaria. (A) and (B) 
scoured fabric treated with 18% NaOH; (A) control, (B) 
inoculated. (C) and (D) scoured fibers treated with 13% 
NaOH; (C) control, (D) inoculated. Cellulose I, 101 at 
14.67°, 101 at 16.3°, 002 at 22.6°; cellulose II, 101 at 12.03°, 
101 at 20.03°, 002 at 22.0°. 


attack is characterized by an approximately trans- 


verse splitting of the surface and underlying structure. 

Damage to the macrofibrils within the secondary 
walls of the fiber is similar to damage by growth 
There is a continued 
breaking down of the fibrillar sheets of the secondary 


filtrates, but is more intense. 


layers into small fragments and of these into small 
hydrocellulose-like particles. 
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b 


Effect of enzymolysis on hydrocellulose; (a) hydrocellulose particles, (b) hydrocellulose particles after 11-day 
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Effects of Blending Cottons by Fineness on Cotton 
Costs, Processing Efficiency, and Yarn Quality 


S. C. Mayne, Jr., Walter T. Mathews, Jr., and Earl E. Berkley 


ACCO Fiber and Spinning Laboratory, Houston 2, Texas 


F. JR MANY years cotton classers have used the 
term “character” to describe differences in the esti- 
mated spinning quality of cottons having the same 
grade and staple, and studies of the relationship be- 
tween cotton quality and its use-value indicate that 
fiber fineness is associated with so-called character 
[2]. 


a major factor in merchandising cotton [1]. 


As a result, Micronaire readings have become 


Every sample of cotton contains some thin-walled 
fibers, and all fully matured commercial cottons con- 
tain both thin- and thick-walled fibers. Fine cottons 
can be blended, therefore, with coarser cottons to 
gain a price advantage and, under certain conditions, 
to obtain greater yarn strengths for low cost fabrics. 
It is necessary when blending fine and coarse cottons 


to use a level of fiber fineness which will result in 


TABLE I. Low Middling Spotted 29/32 in. Cottons of 


Different Micronaire Readings 


Fiber 
strength 
Pressley), 
1000 Ib. 

sq.in. 


Fiber 
fineness 
Sample Micronaire), 


number Bale number reading 


4310667 
718289 
721508 
722048 


\rithmetic mean 
Harmonic mean 


(coarse) 


1666044 
1666273 
1666458 
1666733 


sass 
om w 
Nm WwW de hd 


Arithmetic mean 
Harmonic mean 


me MN 


2646364 
2646366 
2646421 
2646424 


a 
a 
N h&S NS 


Oe 
Nm 


~] 
o~ 
wi 


Arithmetic mean 
Harmonic mean 


(very fine) 


to bho 


the desired yarn under conditions of manufacturing. 
Since the number of neps increases as the Micro- 
naire readings decrease, particularly in the range 
below 3.0 [12], certain cottons are limited to indus- 
trial fabrics, toweling, drapes, and non-apparel uses. 

A given number of turns of twist per unit length 
of yarn made from fine fibers is more effective than 
the same amount of twist in yarns made from coarse 
fibers [6]. 


ing. 


Fiber fineness is also important in weav- 
Yarns made from fine cottons have a larger 
diameter for a given yarn number than similar yarns 
made from coarse cottons, and there is a greater 
weaving contraction when using yarns of larger di- 
ameter, even though they are the same yarn number 
[9]. 


selecting cottons [10], it is necessary for the mer- 


When mills use laboratory techniques for 


chant to use the same techniques [3]; as a result, 
the use of air-flow instruments for measuring fiber 
fineness has now become general in both merchandis- 
ing and mill buying [13]. 

A portion of the color in cotton, particularly the 
yellow to buff color, is caused by carbohydrates and 
proteinaceous materials left in the residue of the 
protoplasm when the fibers are suddenly killed by 
a freeze, insects, or other causes. Color, therefore, 
is related to fiber immaturity and low Micronaire 
readings [5]. 

The blending of cottons to reduce costs in the 
mills [14] and to upgrade them by merchants has 
created a great deal of discussion. Details on meth- 
ods that can be used to thoroughly blend cotton for 
uniformity of quality from day to day and the im- 
portance of paying particular attention to good blend- 
ing in the opening room were discussed by J. N. 
Little [11]. 


ings in cost could be made by adding two bales of 


He pointed out that considerable sav- 


slightly lower quality cotton to a standard mix of 
30-40 bales. 
cost of very careful blending, there can be a consid- 


3y application of these savings to the 


erable improvement in day-to-day processing effi- 
ciency and a more uniform quality in the finished 
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TABLE II. Fiber and Spinning Data on Low Middling Spotted 29/32 in. Coarse, Fine, 
and Very Fine Cottons and Blends of Different Percentages of Each 


(Mean of three replicate tests; fiber data obtained from card web; card produetion, lb./hr. = 9.5.) 


Length Fiber 
(Fibrograph), strength Fiber Picker 
No. of upper half (Pressley), fineness & card 
bales in mean, 1000 Ib. (Micronaire), waste,* “% 
Sample identification blends in. sq.in. reading 


10.3 
11.7 
12.0 
12.9 
14.3 
13.7 


o Sample 0.97 
Sample 1, o@ Sample 0.98 
o Sample ¢ Sample 1.00 
Sample Sample 1.02 
Sample Sample 1.03 
o Sample 1.05 


Nm yw Me Ww hb 
ee 
— ee NN UH 
Mr WWWws | 
oOonNw = | 


an 


o Sample 0.97 
» Sample 1, Sample ; 0.96 
Sample Sample . 0.97 

o Sample 1, Sample - 0.95 
» Szmple Sample . 0.90 
Sample . 0.91 


10.3 
12.7 
13.2 
13.9 
14.6 
14.4 


wn 


i i a a 

wawunm wu 

NRW NN NHK WS & 
nn so 


—_— 


Sample 4 0.97 
Sample o Sample o Sample ; 12 0.92 
Sample 1, 20° Sample Sample ; 2 0.95 

o Sample 1, 30% Sample o Sample . 12 0.96 
o Sample 1, 40° Sample Sample . 0.94 
50° Sample Sample . 0.99 


10.3 
11.7 
12.8 
13.7 
13.6 
15.0 


mM he Ww hy 
sss 

NNR ew 

mM rR we WW Ww 
of, 


wm oo 


“I-17 =~] 


Card web appearance 
Number- 


Neps Yarn skein strength**, Ib. strength Yarn appearance grade 
per Seed Twist - product —-- —— 
grain Ne Coats$ Trash{ multiplier 8s 14s (22s) 8s 14s 22s Index 


91.9 2000 B- C+ : 100 
94.2 2050 B B- J 102 
95.9 2040 . D+ 85 
94.7 2030 Dp 
92.6 1990 D BG 
92.8 2000 D— BG 


14 ; 16 4.26 291.0 
18 ‘ 27 ¢ 4.14 298.4 
16 : 42 15 4.14 297.6 
22 34 15 4.14 294.8 
23 . 31 15 4.14 289.4 
70 39 1 4.02 288.1 


ee ae a a 
Vikan 
“wore = 


14 4.26 291.0 91.9 2000 B- C+ 
4.14 299.1 92.5 2040 

28 4.14 282.0 90.3 1940 D 

32 4.02 279.5 87.9 1900 


51 : 4.02 274.1 86.1 1850 
tT 4.02 254.9 88.3 1790 


A) 32 


—) 


~~s ss 


~I 
a a 
eS O&O 


14 ‘ 4.26 291.0 9f.9 2000 
16 . 30 12 4.14 295.1 94.3 2030 
20 5 33 16 4.14 299.7 87.6 1980 
23 39 13 4.02 278.5 87.3 1890 
27 ‘ 40 16 4.02 73.8 86.1 1870 
60 45 24 4.02 85.4 90.9 1940 


* Includes Super-Jet and SRRL Opener-Cleaner waste. 

+t Repeated here for easy comparison. 

t Number per 100 square inches of card web. 

** Yarn skein strength: 8s-73.8 Tex, 14s—42.2 Tex, 22s—26.8 Tex. 


tt Excessive. 
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product. If these recommendations are followed Materials and Methods 


carefully, the mills may find it possible to make even The background from which the conclusions re- 


greater savings in the cost of the raw cotton if the ported here were drawn consists of 1000 or more 
quality requirements of the product being made are — blends of fine and coarse cottons made in the ACCO 
such that fine, low-grade cottons can be used. Laboratory. Only a portion of the data is presented 


TABLE III. Blends of Fine and Coarse Cottons from the Same Field and With Bales of 
Intermediate Fineness of the Same Quality 


(Mean values of three replicate tests; fiber data obtained from card web; card production, lb./hr. = 7.5.) 
Length Fiber 
(Fibrograph), strength Fiber 
upper half —_ (Pressley), fineness Picker 
mean, 1000 Ib. (Micronaire), Non-lint & card 


Sample identification in. sq.in. reading content, % waste}, “ 


7100 SLM Sp. 1-in. (2.: 10 83 
75 : Sp. 1-in., 25° G} Lin. 13 86 
Sp. l-in., 5 x) -in. 27 86 

Sp. l-in., 75 x) -in. .20 87 

i 24 86 


rt. 18.9 
16.1 
13.0 
9.6 
6.8 


w~wnnrd rw 


17.4 
14.0 
13.6 
10.4 

8.3 


Sp. 1-in., (2.: 44 79 
Sp. 1-in., 28 M Very Lt. Sp. 135-in. 10 82 
Sp. l-in., ‘ery Lt. Sp. 134-in. .06 85 
Sp. 1-in., 75 ‘ery Lt. Sp. 134-in. 08 88 

{ . 1 #y-in. (3.0)* 10 87 


ww We Ww be 


100% SLM Sp. 1-in. (2.. 1 
75% SLM Sp. 1-in., 25 ] At. Sp. 13;-in. Al 
50% SLM Sp. 1-in., 50% M Very Lt. Sp. 135-in. 14 


5% SLM Sp. 1-in., 75 M Very Lt. Sp. 134-in. 
Very Lt. Sp. 1#5-in. (3.5)* 18 


"ard web appearance 
Yarn skein Number- 
Neps strength, ff Ib. strength Yarn appearance grade 
per Seed Twist product 
grain Neps**  coats** Trash** multiplier 14s 22s 36s (22s) 14s 22s 36s Index 


tt tT 3.90 184.9 118.0 63.3 2530 BG BG 70 
55.8 5: 3 3. 3.90 188. 123.3 66.5 2640 BG BG 70 
19.9 De 2 3.90 202. 127.8 68.3 2740 D—- BG BG 72 
15.8 2 3.90 205. 131.1 70.8 2860 _ C- D 88 

9.1 . : 3.90 219. 136.5 73.0 2940 B B i 105 


> 


64.3 2600 BG BG BG 70 
66.1 2680 BG BG BG 70 
68.6 2790 BG BG BG 70 
2900 Cc- D- BG 
3000 B- C+ D+ 


tt 3.90 189. 
7 


mm 


67. 3.90 198. 
3.90 208 
3.90 213 


3.90 224 


— — 
mm Nw 


s 
© 
a 


we we 
OO > 
- > 


tt 3.90 189. 
131 40 23 3.90 199. 
117 3 19 3.90 206.. 
2 
1 


2600 BG BG BG 
2700 BG BG BG 
2790 D- D- BG 
2820 D+ BG BG 
2970 C+ C+ CcC- 


mm 
= 


‘ 59 14 3.90 213. 
0 44 6 3.90 217.8 


wh Re dw hw 
~ 
~~ 


ee ee 
oo 7 


COowuUnN 


* Micronaire reading on raw stock. Usually slightly higher than Micronaire reading on the card web. 
+ SLM Sp. 1-in. bale used in three blends. 

t Includes Super-Jet and SRRL Opener-Cleaner waste. 

** Number per 100 sq. in. of card web. 

tt Bad card web, excessive number. 

tt Yarn skein strength: 14s—42.2 Tex, 22s-26.8 Tex, 36s-16.4 Tex. 
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Those who wish to, make statistical 
analysis may obtain additional data from the ACCO 
Laboratory files. 


as examples. 


The differences illustrated in the 
charts are statistically significant and can be re- 
peated without difficulty. The data used for illus- 


tration purposes consist of : 


1. A set of three blended samples of Low Middling 
29/32-in. cottons ranging in average Micro- 
naire reading from 2.4 to 4.1 (Table IT). 

. Two bales of cotton from the same field; one 
mature, high grade, Good Middling cotton and 
the other consisting of bollies of Strict Low 
Middling Sp. grade. Additional bales from the 

same variety and area of growth were also 

blended with these samples (Table III). 

A series of blends of three bales of Low Mid- 


ling Sp. 29/32-in. cottons with Micronaire 
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readings of 4.3, 2.9, and 2.3 to determine the 
percentage of each required to match the yarn 
quality of a bale of Low Middling Sp. cotton 
of the same staple and a Micronaire reading of 
3.5 (Table IV). 


The first three samples were made up using four 
bales of cotton for each test sample. All samples 
used were Low Middling Spotted grade and 29/32- 
in. staple length. The harmonic means of the Micro- 
naire readings were Sample 1, 4.1; Sample 2, 2.7; 
and Sample 3, 2.4. 
of the individual bales used in these three samples 


The strength and fineness values 


are given in Table I. 
the differences 
which may occur in raw cotton, the four bales from 


In order to eliminate some of 


each fineness group were carefully blended and are 


referred to hereafter as Samples 1, 2, and 3. Three 


TABLE IV. Fiber and Spinning Data from Coarse, Fine, and Very Fine Cotton 


(Fiber data obtained from card web; card production, lb./hr. = 


Length 
(Fibrograph), 
upper half 
mean, 
Sample identification in. 


. 29/32-in. (3.5)F 1.02 
. 29/32-in 

. 29/32-in., 

. 29/32-in., 

o 2.9, 45% 

2.9, 40% 

2.9, 30% 

; 2.9, 25% 2.: 

, 28.6% 2.9, 14.3% 2.3 


0.92 
0.92 
0.95 
0.90 
0.93 
0.92 
0.95 
1.00 


2.9 Micronaire 
4.3 Micronaire 


Nm Ww Ww hw 
Ow Ow WwW Ww 


Card web appearance 


Neps 
per 
grain 


Seed 


coats} 


Twist 


Nepst Trash$ = multiplier 


19.8 55 19 8 4.26 
tt it 

35.9 100 ; 14 
11.3 31 

tt tt 

45.9 128 ; 14 
38.4 107 d 10 
34.7 96 12 
14.0 39 6 


4.02 
4.02 
4.38 
4.14 
4.14 
4.14 
4.14 
4.14 


+ Micronaire reading of bale before processing. 
* Includes Super-Jet and SRRL Opener-Cleaner waste. 
t Number per 100 square inches of card web. 


(Pressley), 


Yarn skein 
strength,** Ib. 


9.5.) 


Fiber 
strength Fiber 
fineness 
(Micronaire), 


reading 


Non-lint Picker 
content, “ & card 


waste,* “ 


1000 Ib. 

sq.in. 
74 3 9.9 
14.8 
10.5 
11.4 
13.2 
14.0 
13.0 
12.6 
10.1 


wwnrhr ro We Ww 


Number- 
strength 
product 

(22s) &s 


Yarn appearance grade 


14s 14s 


22s Index 


2070 B+ ¢ 106 
1940 70 
1980 C+ D 92 
2080 111 
1970 C- 3 78 
1990 C+ 7 D- 88 
2010 C+ D 92 
2020 97 
2070 C+ 108 


** Yarn skein strength: 8s-73.8 Tex, 14s-42.2 Tex, 22s-26.8 Tex. 


tt Neps too numerous to count. 
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ach of the 
three samples (Table IL), and a total of 48 spinning 


replicate spinning tests were made on 


tests were made on these three samples and on 
blends using different percentages of each. 

For the second series of tests, two bales of cotton 
which had been grown in the same field in the Pecos 
area of Texas during the 1958-59 season were ob- 
tained. One bale was from early picking and had 
a fiber fineness of 4.0 on the Micronaire; the other 
was from the immature bolls, so-called bollies, picked 
at the end of the season, and had a Micronaire read- 
Additional 


Acala 1517C cotton having Micronaire readings of 


ing which was below scale. bales of 


3.0 and 3.5, grown in the same general area, were 
used. 
ning 


The grade and staple and the fiber and spin- 
properties of these four bales and the blends 


Table III. 
these two bales grown on the same plants were spun 


from them are shown in Samples from 


a ——E 
| 
| SLENDS OF 37,26 6 2.4 
BLENOS OF 37 8 26 BLENDS OF 3782.4 | 56/50 BLEND OF 26624 | 


20-r 


w 
 — 
a 
< 
= 
° 
= 
<z 
° 
2 
z 
a 
c 
w 
* 
2 
a 
- 
z 
w 
« 
ws 
a 


| 
| 
I 
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Picker and card waste from each blend 
fine, and very fine cotton. 


of coarse, 
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Fig. 2. of neps in the card web from each blend 


and very fine cotton 
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individually and also as blends containing different 
percentages of each of the two. Portions of the 
bale which was below scale (2.3 Micronaire read- 
ing) were also blended with samples of intermediate 
Micronaire reading (3.0 and 3.5) in order to study 
the mass action of the effect of fiber numbers. 

The third series of samples consisted of four bales 
of Low Middling Spotted 29/32-in. cottons with 
Micronaire readings of 4.3, 3.5, 2.9, and 2.3 (below 
scale) (Table IV). 
strate that the yarn quality of a given bale can be 


This series was used to demon- 


duplicated by blending cottons with widely different 
Micronaire readings, as reported by Fiori et al. |7]. 

The methods used—except for the picking process, 
which is limited by the size of the sample—were, in 
all respects, the same as those used in mill opera- 
tions. The major difference from mill operation was 
that the non-lint content and yarn quality measure- 
ments were made by careful laboratory methods 
Certain of the 
machines, such as the roving and spinning frames, 


using ASTM standard procedures. 


are shorter in length than the standard mill units, 
and the Super-Jet Cleaner and the SRRIL Opener- 
Blender-Cleaner are not as wide as those used in 
the mills. 


machines are identical with those used in cotton mills. 


In all other respects, however, these 


Discussion 
Blending Series No. 1 
It was observed [3] that there is a relationship 
between the Micronaire readings of cottons of a 
given grade and staple length and the picker and 
card waste. In the first experiment reported here 
the cottons having finenesses of 2.4, 2.7, and 4.1— 
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Fig. 4. 


Yarn appearance from each blend of coarse, fine, 
and very fine cotton. 


the picker and card waste for the coarse sample was 
lower than for the fine samples. In general, the 
percentage of picker and card waste decreased as 
the percentage of coarse cotton was proportionately 
increased in blends with the fine cottons (Figure 1). 
Even though the grade and staple of all the cottons 
were the same, the fine cottons (Samples 2 and 3) 
with about 14% 
pared with only 10.3% for the coarse sample (Sam- 


ple 1). 


spun picker and card waste, com- 
This difference in waste can be attributed 
to the tendency of extremely fine fibers to stick to 
the trash particles and thus be thrown out in clean- 
ing, and also to the fact that fine fibers are weaker 
and more easily broken in cleaning and carding than 
coarse fibers. Another factor may be that the larger 
number of extremely fine fibers in a sample of a given 
weight tends to obscure the trash in the sample, 
thus influencing the classer’s grade designation. 
The number of neps per 100 square inches of card 
web found in carding the first series of blends is 


shown in Figure 2. 


The bale which had the lowest 
Micronaire reading produced a yarn with excessive 
which As the 


percentage of coarse cotton was increased in the 


neps were too numerous to count. 


blends, there was an appreciable decrease in the 
number of neps. 

The strengths of the yarns made from the blends, 
as shown in Figure 3, were somewhat variable, but 
yarns made from certain blends were stronger than 


the the 
There were no consistent differences in the 


those made from either coarse or fine 
samples. 
Pressley strengths of the three blended samples of 
cotton; however, Sample 1 contained one bale with 
a slightly higher Pressley strength (81,000 Ib./sq. in. ) 
than the others. 


blend of 20° G 


It is interesting to note that the 


fine cotton (Sample 2) with 80% 


© 2.3 mic. COTTON 
BLENDS 
@ 3.9 Mic. COTTON 


PERCENT PICKER AND CARD WASTE 
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PERCENTAGE OF COARSE COTTON (3.9) ADDED 


Fig. 5. Picker and card waste of the fine and coarse bales 


from the same field and blends of the two. 
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0 25 75 100 
PERCENTAGE OF COARSE COTTON (3.9) ADDED 


Fig. 6. Number of neps in the card web from fine and 
coarse bales from the same field and blends of the two. 


coarse cotton (Sample 1) produced a yarn which 
was slightly stronger than the one made from 100% 
coarse cotton (Sample 1). Yarns spun from certain 
blends containing 40% and 60% coarse cotton were 
as strong as those produced from the fully mature 


coarse cotton. 

The cottons having low Micronaire readings spun 
into yarns which were very low in yarn appearance 
grade (Figure 4). There was only slight improve- 
ment in the yarn appearance grades when coarse 
cotton was added, up to 40%, but there was consid- 
and 80% of the 
coarse cotton (Sample 1) was added to the blends. 
The blend of 20% fine 2.6 cotton (Sample 2) and 


erable improvement when 60% 


80% coarse 3.7 cotton (Sample 1) produced a yarn 
which equalled in yarn appearance grade the yarn 
made from the 100% coarse cotton. 

Since cottons having low Micronaire readings may 
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Yarn strengths of fine and coarse bales from the 
same field and blends of the two. 


Fig. 7. 


© 2.5 mic. COTTON 
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YARN APPEARANCE GRADE (INDEX) 
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Fig. 8. 


Yarn appearance of fine and coarse bales from the 


same field and blends of the two 


be purchased at discounts under cotton of the same 


grade and staple with Micronaire readings of 3.5 
and above, this study suggests a possible means of 
making higher profits. 


2, 3, and 4, it will be noted that although the blend 


sy reference to Figures 1, 


of 80% coarse (Sample 1) and 20% fine (Sample 2) 
cotton spun with about 14% more waste than the 
other blends in this series, certain of the blends of 
these two samples spun with no significant increase 
in the number of neps per 100 sq. in. of card web 
over the coarser sample (Sample 1), and all of the 
blends of Samples 1 and 2 consistently produced 
stronger yarns than blends of Samples 1 and 3 and 


Samples 1, 2, and 3. 


Blending Series No. 2 


Although two of the samples in the second series 
were from the same plants, they were distinctly dif- 
ferent in fiber properties. The mature, high-grade 


sample was longer in both classer’s staple length and 
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the measured fiber length than the immature sample. 
Since these samples had the same origin, all mill 
processes were kept constant, including the twist 
multiplier, which is usually varied with both the 
fiber fineness and length. 

The various percentages of picker and card waste 
for the different blends of 2.3 and 3.9 cottons made 
The 


picker and card waste decreased as the percentage 


in the second study are shown in Figure 5. 


In this series 
of blends, grade differences accounted for a part of 


of coarse cotton added was increased. 


the increase in waste as increasing amounts of fine 
fiber were added. The extremely fine 2.3 Strict Low 
Middling Spotted bale lost 18.9% in picker and card 
waste and the 3.9 Good Middling bale lost 6.8%. 
The neps in the card web were too excessive to count 
for the very fine cotton. They were also high in the 
blends of 75% fine and 25% coarse cotton, but de- 
creased as the percentage of coarse mature cotton 
was added to the blends (Figure 6). There was 
a gradual increase in yarn strength as more of the 
coarse cotton was added to the blend (Figure 7). 
Also, the yarns were progressively better in over-all 
appearance as the percentage of coarse cotton was 
increased (Figure 8). This study shows that ex- 
tremely fine cottons which are below scale on the 
Micronaire, when blended with fully mature fiber, 
even if the two cottons are from the same plants, 
have limitations due to the relatively poor yarn ap- 
concluded from these 
data that either the extremely fine bollies and the 


pearance grades. It may be 
mature cotton from the same plants are not entirely 
compatible or that the mass action of the much 
greater number of fine than coarse fibers per pound 
Al- 


though this study is not conclusive proof, together 


of cotton in the blend dominates the mixture. 


with other studies it may be considered as evidence 
that blending cottons with a gradation of fiber fine- 
ness is more successful than when blending bales of 
the the 
dominant number of fine fibers makes it necessary to 


extreme difference, where mass action of 
take special care when blending and processing the 
cotton [7]. 
Blending Series No, 3 

When selecting cottons to manufacture into a given 
yarn, it is necessary to know not only the limitations 
of the raw stock but also how to blend them to get 
the desired results. It is possible to match within 


reasonable limits the spinning quality of a given bale 
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or sample of cotton if the fiber properties are known. 
When blending bales with widely different Micro- 
naire readings, the correct average Micronaire read- 
ing of a number of bales can be calculated by using 
Berkley and Mayne [4| 
simplified the method of calculation using the recipro- 


the harmonic mean [8]. 


cals of the Micronaire readings. For example, in 


blending the three bales with Micronaire readings 
of 2.3, 2.9, and 4.3 to obtain a blend with a mini- 
mum reading of 3.5 it was found that the reciprocals 
follows. 


were as 


Sums of reciprocals of 

Micronaire reading Micronaire reading 
.2857 
4348 
3448 


2326 


35 
2.3 


2.9 
4.3 


A check indicated that five parts of the 4.3 bale, 
two parts of the 2.9 bale, and one part of the 2.3 bale 
would approximate the 3.5 needed in the blend, as 
follows. 


No. of 


bales 


Reciprocals of Sums of 


Micronaire readings reciprocals 


8 2857 2.2856 


4348 4348 


27 


In this selection, bales can be taken more-or-less at 
are 
the 


random from the following ranges since they 
+0.2 the to 
reciprocals. 


within of mean used calculate 


Micronaire 
range 


Micronaire 
reading 


5.0 and above 
4.5-4.9 
4.0-4.4 
3.5-3.9 
3.0-3.4 
2.5-2.9 


2.4 and below 


NmMrmRAw ee YI 
NNR SI SI 


NUMBER STRENGTH PRODUCT 


43 29 23 


INDIVIDUAL BALES BLENDS 


3448 
2326 


6896 
1.1630 


Fig. 9. 


Number-strength 


1. 10%-4.3, 
2. 20%~4.3, 
3. 40%~4.3, 
4. 50% -4.5, 
5. 571% -43, 


45%~ 2,9, 
40% 2.9, 
30% ~2.9, 
25% -2.9, 


45% -2.3 
40%-23 
30% -2.3 
25% -2.3 


286.6%-29, 14.3%"-2.5 


product 


(break 


factor ) 


of 


Sum 2.2874 


This blend is slightly on the fine side. A more accu- 
rate blend can be made with larger numbers of sam- 


ples or bales (30 or more) per mix. When making 


up a 30-bale blend with a 3.7 Micronaire reading, 


the following bales can be used. 


No. of 
bales 


Micronaire Reciprocals of 


Micronaire reading 
0.962 
1.064 
1.190 
1.622 
1.250 
1.111 
0.909 


reading 


5 5 


“s Ww ~™ tv 


ws hw 


Sum 8.108 


30 bales of 


yarns made from individual samples and blends using vari- 


ous percentages of each. 


r=) 


8 


YARN APPEARANCE GRADE (INDEX) 


INDIVIDUAL 


Fig. 10. 


Wb itt 
WM bl 


Uy eed dd tttttldde 


Zz 


45 29 23 


BALES 


BLENDS 


. 10% -4,3, 
. 20%~4,3, 
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Yarn appearance grades of yarns made from 
individual bales and blends of the same. 
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The data obtained from various combinations of 
the above bales used to make up the 3.5 mix indicate 
that blends can be made to approximate the values 
obtained from a single bale (Table IV). The yarn 
strength increased as the percentage of the coarser 
bale was increased (Figure 9). When the correct 
percentages of cotton from the bales having Micro- 
naire readings of 4.3, 2.9, and 2.3 were used to give 
a blend of 3.5, the yarn strength (Figure 9) and 
the yarn appearance grade both approximated those 
made from the 3.5 bale (Figure 10). 


Summary 


Cottons which vary widely in Micronaire reading 
can be blended into uniform mixes. Care must be 
used when blending samples of extreme fiber fine- 
ness, particularly if there are no bales of intermediate 
fineness in the blend. A sample with a 2.5 Micro- 
naire reading has twice as many fibers per pound as 
a sample with a 5.0 Micronaire reading. Differences 
in fiber characteristics and the mass action effect of 
the greater number of fibers in the fine sample neces- 
sitate special handling in order to make the fibers 
mingle in the correct proportions. In blends with 
a gradient of fiber fineness—where there are coarse, 
medium, and fine fibers present—there are fewer 
The 


degree of coarseness referred to here is relative to 


chances for any one fiber type to dominate. 
the fine fiber present. The range may be from 2.3 
to 4.0 or from 2.5 to 5.5, but a much narrower range 
of Micronaire readings is frequently used to make 
up a blend. 

It is not a good practice to guess how many bales 
of each fiber fineness to include in a mix if the de- 
sired fineness level is known. For accurate blend- 
ing, the fineness of the blend can be calculated by 
weighting the Micronaire readings for the number of 
fibers +1 a unit weight; i.e., by calculating the har- 
monic mean. In allocating the bales of different fiber 


finenesses to a blend of predetermined fineness, it is 
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simplest to use the sums of the reciprocals of the 
Micronaire readings. In a blend of 40 bales, mul- 
tiply the reciprocal of the Micronaire reading de- 
sired, say 3.5, by 40. Combine the bales the sum 
of the reciprocals of which is equal to 40 times the 
reciprocal of 3.5. Every balanced mix will include 
more bales above the desired mean than below it due 


to the weighting of the fiber numbers (see examples ). 
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Mechanical Properties of Feather and Down Fibers’ 
Part I: Measurements at 65% RH and 70° F. 


Joseph H. Dusenbury, Chang-Ning Wu, and Cornelia J. Dansizer 


Textile Research Institute, Princeton, New Jersey 


Abstract 


The elastic moduli of European goose feather barbs and down filaments have been 


measured at 70° F 
urements at 
damping on 


. and at 65% RH and various pressures of dry air. 


These latter meas- 


various dry-air pressures have been made to estimate the effects of air- 
vibroscopic determinations of several fiber properties, have indicated the 


air-damping effects to be significant but relatively small, and are described in detail in 


Part II of these papers [6]. 
RH and 70° F. 


modulus. 


A detailed series of measurements has been made at 65% 
of the extensional properties, the bending modulus, and the torsional 
The breaking extension is about the same for all the different materials studied, 


but for the other extensional properties—such as elastic modulus—the properties of the 
feather barbs are greater than those of the down filaments, and generally the properties 


of the vane barbs (straight) are greater than those of the fluff barbs (curly). 
finding holds for the corresponding cross-sectional areas. 


A similar 
As in the case of the exten- 


sional properties, the bending and torsional moduli of the feather barbs are greater than 
those of the down filaments, and vane feather barbs exhibit larger moduli than do fluff 


barbs. 


Introduction 


Although there exists a considerable amount of 
information concerning the chemical nature and be- 
havior of the keratin proteins which constitute feath- 
ers and down, there is relatively little knowledge of 
the mechanical behavior of these materials. Loconti 
has considered the important role played by mor- 
phology in the bulking characteristics of feathers and 
down !19] and has called attention to the three- 
dimensional aspect of the geometry of down, in con- 
trast to the predominantly two-dimensional aspect of 
the geometry of a feather, as being important to the 
superior bulking capacity of down. The alteration 
of a chicken feather’s geometry by chemical means 
has D’Antonio [1], who has 
pointed out the desirability of modifying the feather 
geometry to make it more like that of down. The 
test methods and results for determining the bulking 


been discussed by 


capacity or “filling power” of feathers and down 
have been described by Weiner [17], who has pre- 
sented and reviewed data which show quantitatively 
the superior filling power of down. 


1 This work was carried out under the sponsorship of the 
Quartermaster Research and Engineering Command, Depart- 
ment of the Army, Natick, Massachusetts. 


The significance and limitations of these measurements are discussed. 


It has been pointed out by Weiner, as well as by 
others, that the two major requirements of a filling 
material in an application such as that of a sleeping 
bag are the maintenance of maximum bulk or volume 
when the item is in use, and conversely the achieve- 
ment of minimum bulk or volume when it is not. 
As he has said [17], “These apparently conflicting 
volume requirements have led to the somewhat face- 
tious observation that the ideal filling material should 
have high compressibility in the daytime and low 
compressibility at night.” 

The results of chemical studies on feathers and 
down, such as amino-acid analyses, have done little 
towards explaining why down is superior to feathers 
as a filling material. The results of measurements 
of bulking capacity or filling power have proven 
useful as quantitative descriptions of the bulking 
properties of feathers and down, but as far as the 
feathers-vs.-down question is concerned, these re- 
sults have only provided quantitative confirmation of 
what was already known empirically. 

The study reported here was initiated with the 
view that a better understanding of the behavior of 
feathers and down in sleeping bags and other filling 
applications would result from knowledge (which did 
not appear to exist previously) of the mechanical 
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behavior of the feather barbs and down filaments. 
This view was based on the reasonable assumption 
that since the barbs and filaments are the structural 
elements principally involved when feathers and 
down are compressed in loose-assembly form, their 
mechanical properties should be important in ex- 
plaining the compressional behavior. 

Because of the unusual structural characteristics of 
feather barbs and down filaments, it was believed 
initially that the techniques developed at Textile 
Research Institute to characterize the mechanical 
behavior of single fibers |7, 11, 15] might require 
appreciable modification to be used for studying the 
properties of these barbs and filaments. For exam- 
ple, it was decided that the presence of “side hairs” 
on the feather barbs (barbules) and on the down 
( fibrillae ) 


damping effects during the planned vibroscopic de- 


filaments might cause appreciable air- 
terminations of mass per unit length [11] and of 
bending and torsional moduli [15]. Any theoretical 
calculations of such effects in the case of feather 
barbs and down filaments would be extremely com- 
plicated and outside the intended scope of the study. 
It was decided, therefore, to design and assemble 
apparatus to measure these effects experimentally, 
and for this purpose it was planned to develop equip- 
ment in which the vibroscopic determinations could 
be carried out at various air pressures. 

It was actually found that these air-damping ef- 
fects are significant but relatively small in the case 
of vibroscopic determinations of mass per unit length 
and of bending modulus and insignificant in the case 
of vibroscopic determinations of torsional modulus 
[6]. 


erties 


Since the differences in the mechanical prop- 


feather barbs and down filaments 


RH and 70° F. 


quite large, these effects at least in the case of the 


between 
measured at 65% were found to be 
work reported here may be considered to be of rela- 
tively little importance. These findings are gratify- 


ing, in the sense that they show that measurements 
carried out under the easier experimental conditions 
of 65% RH and 70 


mates of the mechanical behavior of the feather barbs 


F. give reasonably reliable esti- 
and down filaments. 


Materials 


The measurements reported later in this paper 
were carried out on European goose feather barbs 
and down filaments, taken from feathers and down 


supplied by Dr. J. D. Loconti, Quartermaster Re- 
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search and Engineering Command, Department of 
the Army, Natick, Massachusetts. These materials 
were carefully cleaned prior to shipment and were 
used as received. 

As is well known, there are two distinct types of 
barbs on chicken feathers |10], and these two types 
were also present in the European goose feathers. 
One type is relatively straight and comes from the 
planar portion of the feathers nearer the tip end of 
the feather’s backbone or rachis; barbs of this type 
are called vane barbs. The other type tends to be 
curly, forms more of a three-dimensional structure on 
the feather, and is generally located nearer the root 
end of the feather rachis; barbs of this type are 
called fluff barbs and resemble the down filaments in 
general appearance. Part way along the rachis, 
there is a region where an individual barb may 
exhibit both 
were not tested. In 


vane- and fluff-barb characteristics ; 


these the case of the down 
filaments, all of which emanate from a relatively 
short, thickened basal portion called the body attach- 


ment, there appeared to be only one type present. 


Test Procedures 


In the case of the measurements carried out at 
65% RH and 70° F. 


were made under these ambient conditions), the 


(most of the measurements 


samples were exposed to these conditions for at least 
24 hr. prior to testing. The measurements carried 
out under conditions of partial vacuum in the Vac- 


uum Vibroscope were also made at 70° F. [6]. 


Mass per Unit Length 


Prior to the 24-hr. conditioning for the samples 
tested at 65% RH, the samples were mounted on 
small plastic tabs with Duco cement at various gauge 


lengths. 


After the conditioning, the mass per unit 


length of a test specimen was determined according 
to the electrostatic-vibroscope technique of Mont- 
The 


area of the test specimen was then calculated, assum- 


gomery and Milloway |11]. cross-sectional 
ing the density in all cases to be 1.35 g./cm.*, a 
reasonable value to use for these keratin materials. 

Despite the presence of the barbules on the feather 
barbs and the fibrillae on the down filaments, it was 
found that the equation for determining the cross- 
sectional area of a long, thin cylinder appeared to 
fit the vibroscopic data obtained for the barbs and 


filaments: 
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T 


A 2 4p! tf... 


n)? [1 + 2a+ (3+ 2.47n*)a? | (1) 


In Equation 1, A is the cross-sectional area (cm.*), 
T is the tension on the barb or filament during 
vibroscoping (dynes), p is the density, /, is the 
length of specimen between mounting tabs :(cm.), 
f, is the frequency of resonance vibration of the nth 
mode or (m — 1)th overtone (cps), and a is a dimen- 
sionless “stiffness factor.” 

It may be seen from Equation 1 that, at a rela- 
tively constant value of /,, T should vary linearly 
with the square of the frequency, providing the stiff- 
ness correction is relatively small. (In Equation 1, 
the stiffness correction is the total of the ternis con- 
taining a.) This was found to be the case for the 
several feather barbs and down filaments studied. 
These materials are far from being cylinders, and 
air-damping effects may be appreciable; further ex- 
perimentation has shown, however, that the magni- 
tude of the air-damping is relatively small [6]. 

Some of the specimens tested possessed an obvious 
taper; this was manifested experimentally by a non- 
equality between the values of f,/2 and f,. No at- 
tempt for this at this time, 
since the differences between f,/2 and f, were ob- 


was made to correct 
served to be relatively small, and the values observed 
for the fundamental frequency of vibration, f,, were 


used for the calculation of cross-sectional area. 


E.xtensional Properties 


After the vibroscoping was completed, the test 
specimens were extended to rupture on the Instron 
Tensile Tester at a 50% of gauge 
To facilitate this operation, the test 


rate of about 
length/min. 
this test- 
ing technique, originally used for testing wool fibers, 


specimens were mounted on circular jigs; 


has been described by Evans and Montgomery [8]. 

It was found that the resulting load-vs.-extension 
curves exhibited a Hookean region (load propor- 
tional to extension by visual inspection), a yield 
point, and a short “post-yield” region prior to rup- 
ture ; that is, the load-vs.-extension curves were simi- 
lar to those for an uncrimped keratin fiber, such as 
human hair, but the breaking extensions were far 
lower than those found for human hair or other 
keratin fibers. The Hookean slopes were determined 
graphically, and these (expressed in grams for 100% 
extension) were divided by the corresponding cross- 


sectional areas (corrected for specimen stiffness) to 
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give the values of extensional modulus or Young’s 
modulus, k/A or E. In a strict sense, of course, 
this is not a true elastic modulus, since the Hookean 
slope from which it is calculated is very likely per- 
turbed by the effects of creep and/or stress relaxa- 
tion, both of which would tend to give artificially 
low values for the measured modulus. 

From the vibroscope and Instron measurements, 
the following parameters were obtained: A = the 
cross-sectional area (cm.* or np?) ; k/A = the Young’s 
modulus of extension, also referred to as “FE” in this 
paper and expressed as the force per unit area re- 
quired to stretch the specimen to a 100% extension 
(g/cm.*); Fe/A =the breaking stress (g./cm.’) ; 
en = the breaking extension (percent of the initial 
length of the fiber, /,); and E,/l,Ad = the breaking 
energy per unit initial volume of the specimen 
(g.cm./cm.* ). 

For simplification purposes, it was decided to 
express the extensional modulus (k/A or E) and 
the breaking (F,/A) in megagrams/cm.? 
(Mg./cem.*) in all the tables which appear in this 
report. 


stress 


Similarly, it was decided to express the 
breaking energy (FE,//,4) in kilograms cm./cm.* 
(Kg.cm./cm.*). 


Torsional Modulus 


The method described by Wakelin, Voong, Mont- 
gomery, and Dusenbury [15] was used to obtain the 
torsional modulus of a test specimen. A _ short 
length of 30-den. nylon 66 filament (about 0.40 cm.) 
was mounted with Duco cement as a crossbar on 
the center of and transverse to a specimen previously 
mounted on tabs at a gauge length of about 1.0 in. 
The cross-sectional area of the crossbar was deter- 
mined vibroscopically prior to its being attached to 
the test specimen. The test specimen with the cross- 
bar attached was then clamped in a vertical position ; 
the lower tab was restricted from rotating by clamp- 
ing a metal crossbar to the lower tab and restricting 
The 
crossbar near the center of the test specimen was 


the motion of this crossbar by two small pegs. 


then set into oscillation in a plane transverse to the 
test-specimen axis by placing the crossbar between 
The elec- 
trodes were mounted in a horizontal plane and were 


the electrodes of the vibroscope system. 


energized by an audio-frequency oscillator as in the 
electrostatic-vibroscope method [11]. A d.c. bias of 
600 volts was used to place a charge on the test 


specimen. 
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Fig. 1. Effect of specimen length and crossbar position 
on the torsional frequency (European goose down filaments 
at 65% RH and 70° F.). 


The frequency of torsional response of this sys- 
tem is [13]: 


» _ 3Grg [(1/h) + (1/12) ] 


yp wat TE aT (2) 
2xp’S’ (L’)' 


where v is the frequency (cps); G is the torsional 
modulus (g./em.*) ; r is the radius of the test speci- 
men (cm.); g is the gravitational acceleration 
(cm./sec.*); 1, and /, are the lengths of the test 
specimen above and below the crossbar (cm.) ; and 
p’, S”, and L’ are the density (g./cm.*), cross-sectional 
area (cm.*), and length (cm.) of the crossbar. 
From Equation 2 the torsional modulus G may be 


expressed as: 


2p’ S’(L')*v* 


=- ~ (2a) 
3rég[ (1/1;) + (1/le)] 


G 
When this formula is used to calculate the torsional 
modulus of a feather barb or down filament, it should 
be remembered that the test specimen is assumed to 
be circular in cross section. 

In the case of torsion, where the parameters are 
lumped, there is an ordinary differential equation 
describing the motion of the test specimen and at- 
tached crossbar with only one mode of oscillation, 
More- 
over, the torsional frequency, as may be seen from 


i.e., a single frequency of torsional response. 


Equation 2, should be independent of the tension on 
the test specimen, provided that such tension does 
Data 
were obtained on several samples, and they showed 


not appreciably affect the torsional modulus. 
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the independence of the frequency response to changes 
in tension on the test specimen. It may also be seen 
from Equation 2 that, when the same test specimen 
with its crossbar is measured at different values of 
I, and /,, a plot of v? vs. [(1//,)+(1//,)] should be 
a straight line passing through the origin. The re- 
sults shown in Figure 1 confirm the validity of Equa- 
tion 2 in this regard, when a down filament without 
taper along its test length is measured. For a down 
filament exhibiting taper, however, the data do not 
fit Equation 2, as may also be seen from Figure 1. 
The specimens chosen for the test were therefore 
selected on the basis of being as relatively free of 
taper as possible. 


Bending Modulus 


The Young’s modulus through bending, Q, was 
obtained by the procedure of Wakelin et al. [15]. 
The cross-sectional area of a test specimen was deter- 
mined with the vibroscope, and this specimen mounted 
on tabs was then cut into two to permit duplicate 
determinations of Q. In these measurements the 
free end of a test specimen was placed between the 
electrodes of the vibroscope. The specimen was 
mounted so that it hung vertically with the upper 
end attached to a tab clamped to a rigid support. 
The specimen length, as in the case of the deter- 
mination of torsional modulus, was measured with 
a travelling microscope. 

The natural bending frequencies of the test speci- 
men are [12]: 


rte \3 
v, = -4 (S) -B,? (3) 


2L? p 


where v, is the frequency of the nth allowed frequency 
(cps); v, is the fundamental; v, is the first overtone, 
etc.; L is the length of the test specimen (cm.); Q 
is the Young’s modulus through bending (g./cm.*) ; 
g is the gravitational acceleration (cm./sec.*) ; p is 
the density (g./em.*); AK is the radius of gyration 
(cm.) of the test specimen cross section (for a speci- 
men of circular cross section of radius r, K = r/2); 
and B, is a dimensionless constant for the mth al- 
lowed frequency (8, = 0.597, B, = 1.494, B, = 2.500, 
etc.). The multiplicity of bending frequencies is 
caused by the existence of distributed parameters 
which leads to a differential equation permitting 
various modes of oscillation. 

The value of the bending modulus, Q, from Equa- 
tion 3 is: 





Aprit 1960 


_ 16L‘pv,” 


wr*By ‘. 


Q (3a) 


For a filament of circular cross section, as assumed 
in Equation 3a, 


Vi 


_ 0.55966r (% ) 
4 p 
ve = 
V3 
etc. 

The change of frequency with the order of the 
overtone for a given length of test specimen and the 
change in frequency with specimen length at a given 
order of overtone have been measured on several 
samples. The results in the case of one vane feather 
barb are plotted in Figure 2. It may be seen that 
they are in conformity with the prediction of Equa- 
tion 4; i.e., a plot of vy vs. 1/L* gives a straight line 
passing through the origin, and the slope of the 
first-overtone line is about 6.3 times that of the 
fundamental line. 

The present work for both the torsion and bend- 
ing experiments was conducted in a frequency and 
specimen-diameter range largely beyond that found 
to be critical for the air-damping effects discussed by 
Karrholm and Schroder [9] and by Stauff and Mont- 
gomery [14]. But in the case of the barbs and fila- 
ments tested here, there are (barbules 
and fibrillae) present, and the air-damping effects 
caused by these are not readily calculated by the 
methods suggested by Karrholm and Schroder [9]. 


“side hairs” 


These workers also assumed the test specimens to 
be homogeneous and uniform with circular or slightly 
elliptical cross sections, a situation not found in the 


TABLE I. 
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case of the feather barbs and down filaments. These 
factors will be considered later in this paper. 


Precision of Bending- and Torsional-Modulus Deter- 
minations 


Values of G, the torsional modulus, and of QO, the 
bending modulus, may be obtained from the slopes 
of the straight lines shown drawn through the corre- 
sponding data in Figures 1 and 2. In a given in- 
stance, after it was determined by the method of 
least-squares that the straight line passed through 
the axis at a point not differing significantly from 
the origin, the method of moments (a modification 
of the method of least-squares) was used to calcu- 
late values of G, Q, and their corresponding 95% 
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Fig. 2. Effect of specimen length on the bending fre- 
quency of the fundamental and first overtone (European 
goose feather vane barb at 65% RH and 70° F.). 


Cross-Sectional Areas (A), Bending Moduli (Q), and Torsional Moduli (G) of European Goose Feather 


Barbs and Down Filaments at 65% RH and 70° F.* 


Specimen no. A, »? Q, Mg./cm.? 


Specimen no. G, Mg./cm.? 


Vane feather barbs 


ib : 21.46 + 0.15 
9a ‘ 17.18 0.99 
9b 17.01 1.01 


11.04 + 0.86 
9.25 0.27 
6.67 0.52 


Fluff feather barbs 


12 + 0.26 
0.20 


1716 
1990 


Down filaments 


1193 


A + 0.03 
5b 1193 


0.02 


109 1077 
111 964 


0.18 + 0.01 
0.11 0.01 


* Limits shown are 95% confidence levels of the moduli values derived from data for single specimens by the method of 


moments (see Figures 1 and 2). 
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confidence levels. In the case of bending, the Q 
values were calculated from frequency data of the 
fundamental vibration. 
lations for experiments performed on several barbs 
In each instance, 


The results of such calcu- 


and filaments are listed in Table I. 
the corresponding cross-sectional area is also listed. 
In the cases of specimens 9a—9b and 5a—5b (arbitrary 
classification scheme), the bending moduli were ob- 
tained on two portions of the same length of speci- 
The agreement is extremely good in the case 
The QO values 


men, 
of the vane feather barb (9a and 9b). 
differ significantly for the down filament (5a and 
5b), and this difference may reflect a difference in 
actual cross-sectional area between the two portions 
of the test specimen. (The A value shown in Table 
I is for the original test specimen, prior to cutting 
it in two for duplicate measurements of Q.) 

The values listed in Table I indicate that the varia- 
tion in apparent modulus along a single specimen is 
quite small. On the other hand, when samples are 
taken for measurement from different feathers or 
pieces of down, the variance in the data is generally 
The data of 


cate that the three types of specimens differ from 


found to be far greater. Table I indi- 
one another in cross-sectional area, bending modulus, 
and torsional modulus. The largest values of all 
these properties are exhibited by the vane feather 
barbs and the smallest values are shown by the 
down filaments; the fluff feather barbs are inter- 
mediate in behavior. As will be demonstrated later, 


these “preliminary” results are in good agreement 
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with those observed in the subsequent, more detailed 
series of measurements. 


Results and Discussion 


In all of the measurements to be reported in this 
section, the values for the cross-sectional area, A, 
have been corrected for the stiffness of the test speci- 
men according to Equation | of this paper. Similar 
stiffness corrections were made in the cases of the 
values previously shown in Table I. The dimen- 
sionless “stiffness factor,” a, of Equation 1 exhibited 
values of about 0.08 for the vane barbs, 0.04 for the 
fluff barbs, and 0.02 for the down filaments. Both 
the a and a* terms were used to calculate the stiffness 
corrections for the barbs, whereas the latter term was 
not needed in the case of the filaments. The values 
found and used for the fundamental resonance fre- 


quency, f,, were in the range 300-900 cycles/sec. 


European Goose Feather Barbs and Down Filaments 
Tested at 65% RH and 70° F. 


The major portion of the experimental work was 


with measurements of the extensional, 
bending, and torsional moduli of European goose 
RH and 


ln addition to the extensional modulus, sev- 


concerned 


feather barbs and down filaments at 65% 
70° F. 
eral other parameters have been obtained from force- 
extension curves for the various samples extended to 
rupture—breaking stress, breaking extension, and 
breaking energy per unit initial volume of the test 


TABLE II. Properties of European Goose Feather Barbs and Down Filaments 
at 65% RH and 70° F.* 


Feather barbs 


Property measured 


-—— Down 


Fluff filaments 


Extensional 


A, u?* 3589 

k/A or E, Mg./cm.? 28.2 
Fp/A, Mg./cm.? 1.79 
(R, ao 9.3 
Ep/lyA, Kg. cm./em.4 101.0 


1478 + 110 
13.4 + 1.0 
0.93 + 0.12 
13.6 + 1.8 
86.3 + 22.0 


Bending 


A, w* 344 
Q, Mg./cm.? 19.8 


+ 77 
0.65 


1139 
47 + 18 


+ 121 744 
1.82 + 


Torsional 


3623 + 545 
11.4 + 5.0 


A, p?* 
G, Mg./cm,? 


+ 129 
0.07 


1562 
0.48 + 


+ 135 974 
0.11 0.19 + 


* Limits shown are 95° % confidence levels of the corresponding mean values. 
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specimen, The experiments reported here are more 
extensive than those reported in Table I for Euro- 
pean goose feather barbs and down filaments and 
have been carried out to determine, in addition to 
the actual values of the elastic moduli, the variance 


of elastic-moduli 


measurements different 


among 


feathers or pieces of down and to compare this 


The results 
of such comparisons are considered in the Appendix 


rariance with the replication variance. 


of this paper, where the appropriate analyses of 
variance are discussed. 

Altogether, four measurements, considering the 
determination of extensional properties as a single 
measurement, were carried out on each test speci- 
men. This was done as follows: a specimen feather 
barb or down filament was mounted on tabs at a 
gauge length of about 1.0 in. Its cross-sectional 
area, corrected for specimen stiffness, was determined 
with the electrostatic vibroscope described by Mont- 
gomery and Milloway [11]. The electrostatic vibro- 
scope was then used to obtain the torsional modulus 
as discussed previously in this paper. After this, the 
crossbar mounted on the specimen for the torsional- 
modulus cut out, the 
resulting portions of the original test specimen were 


determination was and two 
each remounted on tabs at a gauge length of about 


0.4 in. 


determined with the vibroscope, again correcting for 


The cross-sectional area of each portion was 
specimen stiffness. One of these “new” specimens 
then had its extensional properties determined on the 
The 
other “new” specimen was cut approximately in half, 
and the electrostatic vibroscope was used to obtain 
the Young’s modulus through bending for each half 
{15}. 
ment of the extensional modulus and the other exten- 


Instron Tensile Tester as described previously. 


Thus, for each test specimen, one measure- 


sional properties such as breaking stress and exten- 
sion, two measurements of the bending modulus, and 
one measurement of the torsional modulus were 
made. 

At this point is should be emphasized that two 
assumptions have been made in regard to the calcu- 
The first is 
that the density of both the feather and down keratin 


is 1.35 g./em.* 


lation of these mechanical properties. 


The second, and probably more 
drastic, is that the test specimens have a circular, 
homogeneous cross section. 

Four different European goose feathers and four 
different pieces of European goose down were se- 
lected at random from the samples of these 
rials. 


mate- 
From each of the feathers, four vane and four 
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. 


In this instance, 
the choice of barbs was not completely random, since 


fluff barbs were selected for testing. 


samples were selected in order to permit mounting 
on tabs at a gauge length of about 1.0 in. There 
was a large number of available barbs in each 
feather, however, which would fulfill this require- 
ment; by an admittedly crude visual count, it was 
estimated that there were at least 50 such barbs in 
each feather. This observation appears to be in 
general agreement with descriptions of feather mor- 
phology given by Loconti [10]. Similarly, four fila- 
ments were selected for testing from each of the four 
pieces of down. In all, therefore, there were 16 
measurements made of the extensional properties, 
32 of the bending modulus, and 16 of the torsional 
modulus for each of the materials 

The 


ments are listed in 


values observed for all the measure- 
Table II. 
the extensional, bending, and torsional moduli and 


mean 
The values shown for 


the corresponding cross-sectional areas are closely 
similar to those reported previously in Table I for 
the more limited preliminary experiments. 

With the exception of breaking extension, the 
extensional properties of the feather barbs are greater 
than those of the down filaments, and generally the 
properties of the vane barbs are greater than those 
of the fluff barbs. 
corresponding cross-sectional areas. 


A similar finding holds for the 
As in the case 
of the extensional properties, the bending and tor- 
sional moduli of the feather barbs afe greater than 
those of the down filaments, and vane feather barbs 
exhibit larger moduli than do fluff barbs. 

Whether the low values of QO and G for the fluff 
feather barbs and the down filaments are caused by 
the effects of noncircular and nonhomogeneous cross 
sections or by the effects of air damping or by some 
combination of both effects cannot be determined 
with certainty at this time. Such effects, of course, 
could also perturb the cross-sectional area deter- 
minations and, as a result, the corresponding values 
But 
some measurements, admittedly limited in number, 


for the extensional modulus would be in error. 


have been made in these laboratories by microscopical 
means of the cross-sectional areas of vane and fluff 
feather barbs, and the results have been closely simi- 
lar to the results obtained with the vibroscope [16]. 


There is, of course, the difficulty in these measure- 


ments of attempting to decide where the cross- 


sectional area of the barb ends and the barbules 


begin [10], but this difficulty is not great enough 
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to obscure the significance of the finding that the 
cross-sectional areas measured with the vibroscope 
are in general agreement with those measured with 
effects of 


damping have been found to be significant, but rela- 


the microscope. In addition, the air- 
tively not very large, for the vibroscopic determina- 
tions of cross-sectional area and bending modulus 
and to be essentially nonsignificant for the vibro- 
scopic determination of torsional modulus | 6]. 

The foregoing discussion suggests that the non- 
circular and nonhomogeneous nature of the specimen 
cross sections is responsible for the low values found 
for the bending and torsional moduli of the fluff 
That is, 
moduli as listed are probably incorrect, but the com- 


feather barbs and down filaments. these 
plicated nature of their cross sections would require 
that any mathematical correction of the relatively 
simple formulae used to calculate the bending and 
torsional moduli [12, 13, 15] would be extremely 
complex and beyond the scope of this paper. As 
mentioned previously, these difficulties do not appear 
to exist for the vane feather barbs, and it is not at 


all clear as to why this is so, for the cross sections 


of the vane barbs when viewed under the microscope 


do not appear to be significantly more circular and 
homogeneous than those of the fluff barbs and down 
filaments [16]. It has also been pointed out pre- 
viously, however, that a difficulty in assessing cross- 
sectional shape from microscopical observations is 
that it is difficult to determine where the cross-sec- 
tional area of the test specimen ends and that of a 
“side hair” (barbule or fibrilla) begins. Thus, too 
much significance should not be attached to the 
appearance of disagyeement between the microscopi- 
cal observations and the results of speculations about 
cross-sectional shapes. Considering all the data, it 
would appear that the greatest relative significance 
should be attached to the data for the extensional 
properties, and the data for the bending and _tor- 
sional moduli should be viewed in terms of the limi- 
tations just discussed. 

Analyses of variance were also carried out for all 
the data shown in Table II; results of these analyses 
are presented and discussed in the Appendix. It 
was found that the properties of the barbs taken 
from different feathers were not generally signifi- 
cantly different, while the properties of the filaments 
taken from different pieces of down were often 
greatly different from one another. Further, as has 


already been noted, the properties of the vane barbs 
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with the exception of only the breaking extension 
are significantly greater than those of the fluff 
barbs. 


Comparison of Mechanical Properties of Feathers 
and Down with Those of Keratin Fibers 


It is instructive to compare the properties of the 
European goose feather barbs and down filaments 
listed in Table II with those of keratin fibers. As 
a typical example of a keratin fiber, a “U. S. Fine” 
wool (Rambouillet, 64’s) was selected [4, 8]. 

The properties of the feather barbs, down fila- 
ments, and wool fibers are listed in Table III. The 
grease was removed from the wool by scouring with 
soap and soda ash. The test conditions (vibroscop- 
ing, Instron testing) for all materials were identical. 

The elastic modulus of the vane barbs, it may be 
Table III, is about the same as that of 
the wool fibers; the moduli of the fluff barbs and 


noted from 


should 
be pointed out, however, that the elastic modulus of 


down filaments are considerably lower. It 


these wool fibers is affected by crimp, which acts to 
that measured for an 
uncrimped keratin fiber [3, 5, 7]. 


lower the modulus below 
In the case of 
crimpless keratin fibers, e.g., human hair, the elastic 
modulus is often found to be 50-55 Mg./cm.*, but 
except for this and other effects of crimp in the low- 
extension region of the fiber load—extension curve, 
the mechanical properties of other keratin fibers are 
generally found to be similar to the properties listed 
Table III. 


from 


for the wool fibers in 
also be noted Table III that the 


breaking stress of the vane barbs is greater than 


It may 


that of the wool fibers, the breaking stress of the 
fluff barbs is slightly smaller than that of the wool 
fibers, and the breaking stress of the down filaments 
smaller. The 
chanical properties between the feather barbs and 


is much greatest difference in me- 


TABLE III. Comparison of Properties of European Goose 
Feather Barbs and Down Filaments with those of “U. S. 
Fine” Wool Fibers at 65% RH and 70° F. 


Material E, 
tested A,u? Mg./cm.? 


Fp/A, 
Mg. /cm.? 
Vane barbs 3589 28.2 
Fluff barbs 1478 13.4 
Down filaments 835 9.2 


“U, S. Fine” 
wool fibers 380 


1.79 
0.93 
0.51 


28.0 1.19 
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down filaments and the wool fibers is in the breaking 
extensions. 


The much smaller breaking extensions 
of the feather barbs and down filaments, compared 


with the wool fibers, indicate that they also must 
exhibit correspondingly smaller breaking energies on 
a per-unit-volume basis. Finally, it may be noted 
that the cross-sectional areas of the feather barbs 
and down filaments are all larger than that of these 
wool fibers. 


Implications for Further Study of Feather and Down 
Mechanical Behavior 


From the present results, one is led to the view 
that there appear to be two general areas of possible 
further work concerned with the measurement of the 
mechanical behavior of feathers and down. One in- 
volves refinements in the calculations of the bending 
and torsional moduli, and the other involves meas- 
urements of the properties of assemblies of feathers 
and down and relating the results of these measure- 
ments to the properties of the barbs and filaments. 

It has already been noted that the values of the 
bending modulus, Q, in Table II appear to be far too 
small in comparison with the corresponding values 
of the extensional modulus, £, in the cases of the fluff 
feather barbs and down filaments; the reasons for 
this are not known at this time. The values of QO 
were calculated assuming circular cross sections. If, 
for example, the cross sections are elliptical, the K 
term (radius of gyration of the cross section) in 
Equation 3 should probably be 6/2, where > is the 
semiminor axis of the ellipse, rather than r/2, where 
Since QO 
varies inversely with A?, it is easily seen that cor- 


r is the radius of a circular cross section. 


recting the calculations for an elliptical cross section 
would (This 


assumes that the bending would be over the major 


increase the calculated value of Q. 


axis of the ellipse. If the ellipticity is not great, 
however, one could expect to have bending over both 
the major and minor axes [9|.) This reasoning 
suggests that the ellipticity of the fluff-feather-barb 
and down-filament cross sections is greater than that 
of the vane-feather-barb cross sections. It is also 
possible that the cross sections would possess shapes 
better described by rectangles, but the argument used 
above for ellipses would apply in a closely similar 
way. It has already been noted, however, that, 
based on the limited number of observations made 
with the microscope, the fluff barbs and down fila- 


ments do not appear to be significantly less circular 
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and homogeneous in cross section than the vane 
barbs [16]. 

A somewhat similar argument could be developed 
to explain the apparently too-low values of the tor- 
sional modulus, G, in the cases of the fluff barbs and 
down filaments, but again there appears to be little 
or no confirmation by the microscopical observations. 
All in all, it would appear from the presently avail- 
able information that making refinements in the cal- 
culations of the bending and torsional moduli, per- 
haps accompanied by more microscopical observa- 
tions, would not be very rewarding and should not 
be further considered. 

The second-mentioned possibility appears to be a 
much more profitable one to consider. That is, it 
would appear to be more profitable to measure the 
properties of assemblies of feathers and down and 
to attempt to relate the results of these measurements 
Ac- 


tually, many tests have been carried out on feathers 


to the properties of the barbs and filaments. 


and down in bulk-assembly form in connection with 
determinations of the filling power of these materials 
|10, 17], but little appears to have been done to 
relate the results of these measurements to the me- 


the down 


chanical behavior of feather barbs and 
filaments. 

Measurements analogous to those just suggested, 
however, have been carried out for wool fibers and 
reported by deMaCarty and Dusenbury [2]. These 
workers described a procedure for carrying out 
bulk-compression tests reproducibly on loose assem- 
blies of wool fibers in the form of carded or combed 
bats. The Instron Tensile Tester was modified to 
facilitate these measurements, and equal weights of 
When 


these wool samples were compressed to 25% of their 
initial 


wool fibers of different finenesses were tested. 


initial thicknesses were 
closely similar for all the different samples) and 


thicknesses (these 
allowed to recover from compression under con- 
trolled conditions, it was found that the compres- 
sional resiliences for all the 29 different wools studied 
were closely similar, but the compressive loads de- 
veloped during the test varied widely. The finer 
wool fibers, which also exhibited greater crimp, 
offered the greater resistance to compression. In 
particular, it was found that the compressive load 
observed for a 70’s wool (fine grade) was about ten 
times greater than that observed for a 36’s wool (ex- 
tremely coarse grade). As noted previously, there 
is an inverse relationship between wool fiber crimp 
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Instron 
tester [3, 5, 7] ; accordingly, the wool fibers of lower 


and elastic modulus, as measured with the 


cross-sectional area also exhibited the lower elastic 
moduli. 

These results for wool fibers appear to be qualita- 
tively consistent with those which have been re- 
ported for feathers and down [{17|. Down gener- 
ally exhibits greater filling power than feathers, but 
—as has been shown in this report—the elastic mod- 
uli of the down filaments are lower than those of 
the corresponding feather barbs. There is, of course, 
the difference between the filling power test [17] 
and the bulk-compression test of deMaCarty and 
Dusenbury |2] that in the former the extent of 
compression is measured at a predetermined load, 
whereas in the latter the load is measured at a pre- 
determined compression. While no attempt will be 
made here to debate the relative virtues of these two 
methods of measurement, it should be pointed out 
that the use of an instrument like the Instron tester 
in the bulk-compression test [2] permits this test to 
be carried out under conditions which would appear 
to be more carefully controlled than those used in the 
filling-power test [17]. It should also be mentioned, 
however, that the bulk-compression test with the 
Instron tester could easily be modified to measure 
extents of compression at predetermined loads. 

At present there appears to be no explanation for 
the fact that the finer down filaments of lower elastic 
moduli appear to offer the greater resistance to com- 
pression in bulk-assembly form. In the case of the 
corresponding finding for wool fibers, deMaCarty 
and Dusenbury pointed out that existing theoretical 
models for explaining the bulk-compression behavior 
of wool fibers were inadequate, since these models 
would predict that there should be either a positive 
or no dependence of compressive load on fiber diam- 
eter, whereas actually a negative dependence was 
found [2]. 
common the assumption that only bending forces are 


No al- 


ternative theoretical model was suggested by deMa- 


The existing theoretical models have in 
involved when wool fibers are compressed. 


Carty and Dusenbury, but they suggested that differ- 
ences in fiber length and crimp should be important, 
since these factors should be involved in defining the 
number of fiber-to-fiber contact points and the dis- 
tances between these points during the compression 
test. 

The chief purpose, of course, of studying the bulk- 


compression characteristics of feathers and down 
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would be to relate these characteristics to the me- 


chanical behavior of the corresponding feather barbs 
and down filaments. From these studies, it should 
be possible to determine the relative importance of 
the various mechanical properties and/or such shape 
factors as cross-sectional area and specimen length to 
the bulk-compression behavior. This 
should be helpful in improving the filling behavior 


knowledge 


of feathers and down, and, in particular, it should 
be helpful in suggesting ways in which feathers 
should be modified to exhibit a filling behavior more 
like that of down. 


Summary and Conclusions 


It has been found that the extensional properties 
(with the exception of breaking extension ), the bend- 
ing moduli, and the torsional moduli of European 
goose feather barbs, are greater than those of the 
corresponding down filaments. It has also been 
found that generally the properties of the vane barbs 
are greater than those of the fluff barbs. Similar 
findings hold for the corresponding cross-sectional 
areas. The breaking extensions are about the same 
for all the different 


nificance of these measurements has been discussed, 


materials studied. The sig- 
and comparisons of the properties of these materials 
have been made with those of wool fibers. 
Suggestions have been made for further work in 
this area and, in connection with these, it has been 
pointed out that the relationship of the present find- 
ings to the filling-power characteristics of feathers 
and down is qualitatively consistent with the rela- 
tionship that has been found between the mechanical 
properties of wool fibers and the bulk-compression 
characteristics of assemblies of these fibers. 
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Appendix 


Analyses of variance were carried out on all the 
data listed in Table II obtained for the European 
goose feather barbs and down filaments at 65% RH 


and 70° F. In these analyses, appropriate tests were 


made for homogeneity of variance; the results of 
these were such as to justify the application of 
The results of such 
analyses in the case of extensional modulus are indi- 
cated in Table IV. It may be noted in the analysis 
for the vane and fluff barb data combined that the 


analysis-of-variance procedures. 


between-feather variance is tested against the resid- 
ual or error variance, whereas the between-types-of- 
barb variance is tested against the feather x types 
interaction. This is because the feathers come from 
a presumably random population, while the types of 
barb come from a complete but nonrandom popula- 
tion. 

Where vane and fluff barbs are considered to- 
gether, the between-types-of-barb variance is sig- 
nificant at well better than the p = 0.10 level (90% 
confidence level) and just barely misses being sig- 
nificant at the p = 0.05 level. That is, the exten- 
sional moduli of the two types of barbs are sig- 
nificantly different at a confidence level of very nearly 
95%. In this case, the properties of the barbs, 
comparing those from one feather against those from 
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another, are significantly different at the 99% con- 
fidence level (p = 0.01). 
considered, this between-feathers variance is sig- 


When vane barbs only are 


nificant when tested against the residual variance at 
the 98% 
tween-feathers variance is not significant in the case 
of fluff barbs. 


feathers effect in the case of vane barbs and not in 


confidence level. The corresponding be- 


Jecause there is a significant between- 


the case of fluff barbs, the feathers x types inter- 
action is found to be significant when both barb types 
are considered together. In the case of down fila- 
ments, there is no significant between-pieces-of-down 
effect. 

When similar analyses are carried out for the 
corresponding cross-sectional areas, it is found that 
there is a highly significant between-types-of-barb 
effect ( 
of the other effects are significant. 


= 0.001), as would be expected, but none 
No significant 
between-feathers or between-pieces-of-down effects 
are observed when vane feather barbs, fluff feather 
barbs, or down filaments are considered by themselves. 

In the case of another extensional property, break- 
ing stress or F,/A, the types-of-barb effect is sig- 
nificant at the p= 0.01 level. None of the other 
possible effects are significant for the feather barbs. 
There is a significant between-pieces-of-down effect 
for the down filaments; the level of significance here 
is also p = 0.01. 

When breaking extension, ¢,, is considered, there 
is a significant between-feathers effect (p = 0.01) for 
the vane barbs and a nonsignificant effect for the 


TABLE IV. Analyses of Variance for Extensional Modulus 


Source ol Degrees of 


Significance 


variance freedom Mean squares 


level, p 


Vane and fluff barbs combined 


288,226 
2,887,240- 
287,895¢ 
59,858 © 


Feathers 

Ty pes of barb 
Feathers X types 
Residual 


4.82 
10.03 
4.81 


Vane varbs 


571,504- 
112,103€ 


Feathers 
Residual 
Fluff barbs 


4167- 
7613¢ 


Feathers 
Residual 


Down filaments 


2692- 
3545¢ 


Pieces of down 
Residual 
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fluff barbs. 
together, the feathers X types interaction is, as ex- 
pected, significant (p = 0.01). 


When the two barb types are considered 


In the same analysis, 
the between-feathers effect is found significant at the 
p = 0.02 level, and the between-types-of-barb effect 
is found to be nonsignificant. For down filaments 
there is a highly significant between-pieces-of-down 
effect (p = 0.001). 

In the case of breaking energy, E,//,A, there is 
a significant between-types-of-barb effect (p = 0.05), 
but none of the other effects are significant when 
both feather barb types are considered together. In 
the case of fluff barbs considered by themselves, there 
is a between-feathers effect significant at the p = 0.02 
level. There is a corresponding between-pieces-of- 
down effect highly significant at the p = 0.001 level. 

The analyses of variance for bending modulus are 
given in Table V. In this case the analyses are 
somewhat more complex than those shown previously 
for the extensional moduli, because each specimen 
mounted on tabs was cut in half and bending-modulus 
As indi- 
cated in Table V, the between-feathers effect and the 


determinations were made for each half. 


feathers X types interactions are tested against the 
variance for specimens, when vane and fluff barbs 
are considered together, and the variance for speci- 
mens is tested against the variance for sections of 


specimens. In the analyses for vane feather barbs, 
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fluff feather barbs, and down filaments, each consid- 
ered separately, the variance for specimens is tested 
similarly. 

It may be noted from Table V that the variance 
between specimens is significant neither for vane 
barbs and fluff barbs considered together nor for 
vane barbs and fluff barbs considered separately. 
For down filaments, the corresponding between- 
For all four 
analyses, the between-feathers or between-pieces-of- 


specimens effect is also nonsignificant. 
down effects are nonsignificant. It may also be 
noted that, for vane and fluff barbs considered to- 
gether, the between-types-of-barb effect is significant 
at the p = 0.02 level, and the feathers x types inter- 
action is nonsignificant. 

As mentioned earlier for these bending-modulus 
measurements, each pair of such measurements is 
associated with a single measurement of cross-sec- 
tional area made prior to cutting the specimen in 
half. 
sectional areas associated with the bending measure- 


Thus, the analyses of variance for the cross- 


ments are carried out in the same way as that used 
for the cross-sectional areas associated with the ex- 
tensional measurements. The results obtained are 
also similar to those obtained for the extensional 
cross-sectional areas. When vane feather barbs and 
fluff feather barbs are considered together, there is 


a highly significant types-of-barb effect (p = 0.005). 


TABLE V. Analyses of Variance for Bending Modulus 


Degrees of 


Source of variance freedom 


Mean squares 


Significance 
level, p 


Vane and fluff barbs combined 


Feathers 3 
Ty pes of barb 1 
Feathers X types 3 
Specimens 24 
Sections of specimens 32 


536,385 


20,138 


0.02 


22,955¢ 
22,220<— ¢ - 
oo 


Vane barbs 


Feathers 
Specimens 
Sections of specimens 


42,381 


44, 089¢ 
17,395<— 


Fluff barbs 


Feathers 
Specimens 
Sections of specimens 


712- 
350¢€ - 
87<— 


Down filaments 
298,228— 
214,130¢ 
404,254<— 


Pieces of down 
Specimens 
Sections of spec imens 
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For down filaments, however, there is a significant 
between-pieces-of-down effect (p = 0.02) which was 
not found for the other set of area measurements. 
None of the other effects examined are found to 
be significant. 

The corresponding analyses carried out on the 
cross-sectional areas associated with the determina- 
tions of torsional modulus lead to similar findings. 
For vane feather barbs and fluff feather barbs con- 
sidered together, there is a highly significant between- 
types-of-barb effect (p = 0.005). None of the other 
effects examined are significant. 

The analyses of variance for torsional modulus are 
shown in Table VI. The method of analysis used 
here was identical to that employed for the exten- 
sional modulus case presented previously in Table LV. 

When vane barbs only are considered, there is a 
significant between-feather effect at the p = 0.05 level; 
for fluff barbs only, the same effect is found to be 
nonsignificant. When vane and fluff barbs are con- 
sidered together, the between-types-of-barb effect is 
found to be significant at the p = 0.02 level. In this 
case, the between-feathers effect and the feathers x 
types interaction are found to be nonsignificant. For 
down filaments, there is a highly significant between- 
pieces-of-down effect (p = 0.001). 

In summary, it may be said that between-feathers 
effects are generally nonsignificant, while the corre- 
sponding between-pieces-of-down effects are often 
highly significant. With the exception only of 
breaking extension, the properties of the vane barbs 
are significantly greater than those of the fluff barbs. 
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Part II: Design and Operation of a Vacuum Vibroscope 


Abstract 


Measurements at 70° F and various dry-air pressures have been made to estimate the 
effects of air-damping on vibroscopic determinations of mass per unit length, of bending 
modulus, and of torsional modulus for European goose feather barbs and down filaments. 
With the Vacuum Vibroscope which was designed and constructed to facilitate these 
measurements, it is possible to carry them out in a vacuum or in controlled atmospheres ; 
e.g., constant relative humidity. In the apparatus, whose operation is briefly described 
in this paper, a small compact vibroscope which could be enclosed in a glass bell jar was 
mounted on a metal plate, and appropriate electrical and vacuum connections were made 
through the plate. For mass-per-unit-length or bending-modulus measurements, the 
samples were excited into vibration mechanically. For torsional-modulus measurements, 
a magnetizable crossbar such as a nickel wire was cemented to the sample, and oscilla- 
tions were induced by an alternating electromagnetic field. Significant but relatively 
small air-damping effects were observed in the determinations of mass per unit length 
and of bending modulus ; the effects observable in the determinations of torsional modulus 
were much smaller. 


Introduction vacuum and with the geometrical arrangement of the 
component parts necessary to carry out the measure- 


The reasons for constructing a Vacuum Vibro- 
ments. 


; cies : ; eee : This was due to the difficulty of maintaining 
scope to facilitate vibroscopic determinations of mass ‘ Mee 

an electrical charge on the test specimens under con- 
ditions of partial vacuum; i.e., at a pressure of 1 mm. 
Hg or less, the test specimens rapidly lost their 
the the 
mass-per-unit-length and bending-modulus determi- 


per unit length, torsional modulus, and bending 


modulus have been outlined previously [1]. They 
are associated with the possible existence of sig- 


charge to the surroundings. In case of 


nificant air-damping effects caused by the existence 


of “side hairs” on the feather barbs (barbules) and ’ : ie : joe 
nations, this difficulty was obviated by exciting the 


down filaments (fibrillae) whose behavior was under ; ! , : 
specimens mechanically into vibration with the aid 


study. Descriptions of the materials studied, the 


of an Astatic phonograph cutting head, which was 
driven by the signal from a Hewlett-Packard audio 
oscillator. 


test procedures used, and the calculations of the 


various properties from the experimental data have : 
; ; or , In the case of the torsional-modulus de- 
also been given previously [1]. The purposes of ieee d 
. ; . terminations, a magnetizable crossbar—in the form 
this paper are to describe briefly the design and é i : 
: ; - wee of a short length of fine nickel wire—was cemented 
operation of a Vacuum Vibroscope and to indicate 


to the test specimen, and oscillations were induced 
This field 
was produced with a hearing-aid unit connected to 


the nature of the results obtained with it when Euro- ‘ siege 
; : by an alternating electromagnetic field. 
pean goose feather barbs and down filaments are the 


materials being investigated. : ; . 
the same audio oscillator unit used for the mass-per- 


unit-length and bending-modulus determinations. 
The phonograph cutting head and hearing-aid units 
were mounted on posts, which in turn were fastened 


The Vacuum Vibroscope 
Description 


At an early stage in the development of the Vac- to a metal plate. Through this plate the appropriate 


uum Vibroscope, it was found that the electrostatic 
method of exciting the test specimens into vibration 
|3, 5] was not feasible under conditions of partial 


electrical and vacuum connections were made, and 
the plate’s surface was given an extremely smooth 


finish with a precision grinder. This finish facili- 
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tated the obtaining and maintaining of a vacuum, 


when the vibroscoping units mentioned previously 


were enclosed in a glass bell jar mounted on the 
metal plate. The bottom surface of the bell jar, of 
course, was ground, and conventional high-vacuum 
stopcock grease was used for sealing purposes. 

In the case of the electrical connections, red and 
black plastic jacks were employed together with the 
vacuum-tight electrical leads through the metal plate. 
The vacuum connection through the plate involved a 
metal pipe leading to a nickel-plated brass cross (0.5 
in. standard sweat). One of the other three arms 
of the cross was connected to the sensing unit of an 
Alphatron vacuum gauge, a second arm was con- 
nected to the remainder of the vacuum system (two 
high-vacuum glass stopcocks appropriately joined to- 
gether by glass-blowing; one of the stopcocks was 
three-way, the other two-way), and the third arm 
was sealed off with a metal cap. The inside diameter 
of the metal pipe and of the cross connection was 
0.5 in.; the inside diameter of the glass tubing with 
the stopcocks was 0.25 in. A reducing bushing was 
used for the pipe leading to the unit of glass stop- 
cocks and was connected to this unit with a short 
length of rubber vacuum tubing of inside diameter 
0.25 in. 


rubber and the rubber-to-glass connections. 


A sealing wax was used for the metal-to- 
The use 
of such assembly procedures obviated the need for 
any glass-to-metal seals, and the resulting apparatus 
was vacuum-tight enough for the purposes of the 
work reported. 

The “exit” glass-tubing connection of the two-way 
stopcock was connected to a length of 0.25-in. I.D. 
rubber vacuum tubing, which led in turn to a me- 
chanical vacuum pump. When in operation, a trap 
was placed between the pump and the remainder of 
the vacuum system. It was relatively easy to pump 
the system down to a pressure of 0.05 mm. Hg with 
this arrangement ; pressures lower than this were not 
necessary. 

A vacuum-measuring unit of the ionization-gauge 
type (Alphatron Vacuum Gauge, National Research 
Corporation, Model 620) was employed; it is capa- 
ble of measuring the pressure inside a vacuum sys- 
tem over a wide range of pressures from 1000 mm. 
down to 0.0001 mm. Hg (0.1p). 


quency-signal generator used was an Audio Signal 


The audio-fre- 


Generator, Hewlett-Packard Company, Model 205 
AG. 


Figure 1 gives an over-all view of the Vacuum 
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Vibroscope including the audio-frequency-signal gen- 
erator and the vacuum-measuring equipment; the 
vacuum pump is not shown. The vacuum system is 
shown mounted on a rectangular support table, the 
surface of which is a sheet of black Bakelite plastic. 
The equipment used to excite the test specimens into 
vibration is shown beneath the glass bell jar mounted 
on a circular metal plate. The cylindrical object 
mounted in a vertical position immediately to the 
right of the bell jar in Figure 1 contains the ioniza- 
tion chamber (the detecting unit) and the first-stage 
In the model of the 
gauge used in this case, this amplifier is shielded 


amplifier of the vacuum gauge. 


from the possible deleterious effects of substances to 
which the ionization chamber is exposed, i.e., water 
vapor. This unit is connected electrically to the box 
which contains the second-stage amplifier and on the 
front of which are located the control panel and the 
dial indicating the pressure in the vacuum system. 
This box is shown in Figure 1 mounted atop the 
audio-frequency-signal generator in the left-hand por- 
There is also an electrical 
connection from this audio oscillator to the circular 


tion of the photograph. 
metal plate beneath the bell jar. 


Operation 


A close-up view of the arrangement of the appa- 
ratus beneath the glass bell jar is presented in Figure 
2; the distance from the top of the glass bell jar to 
the top of its supporting circular metal plate is 8.75 
in. In this photograph, a vane barb from a European 
goose feather is shown mounted for a determination 


Fig. 1. Over-all view of the Vacuum Vibroscope includ- 
ing audio-frequency-signal generator and vacuum-measuring 
equipment. 





Fig. 2. Close-up view of the Vacuum Vibroscope show- 
ing arrangement of apparatus beneath glass bell jar and 
feather vane barb mounted for mass-per-unit length deter- 
mination. 


of its mass per unit length. The upper end of the 
Duco 
L-shaped relatively thick metal wire. 


vane barb is fastened with cement to an 


This 
driven by the oscillations of the phonograph cutting 
head to which it is attached, is used to set the test 


wire, 


specimens into vibration for the vibroscopic deter- 
minations of mass per unit length and of bending 
modulus. The lower end of the vane barb shown in 
Figure 2 is mounted on a black plastic tab with Duco 
cement, and additional weight is provided by a 
looped-wire weight hanging from the lower end of 
the tab. 
scoping is the total of the tensions provided by the 


The tension on the vane barb during vibro- 


tab and the looped-wire weight hanging from it. 

Mounted on the post in front of that on which 
the cutting head is mounted is the device used to 
provide the alternating electromagnetic field for the 
torsional-modulus determinations. This device, the 
face of which is an elongated ellipse, is wound elec- 
trically to provide an alternating electromagnetic field 
when connected to the audio oscillator. It is re- 
ferred to in this report as a hearing-aid unit al- 
though, strictly speaking, it is not. It was patterned 


after such a unit, but was designed to provide a 
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stronger field than that normally provided by hear- 
ing-aid units. The two pegs shown in Figure 2 
mounted on a small circular plate set into the much 
larger circular base plate are used to restrict the 
motion of a crossbar attached to the lower mounting 
tab for the test specimen during the torsional-modulus 
determination, as was described in the paper by 
Wakelin et al. [5]. During a 
determination, the upper end of the test specimen 


torsional-modulus 


is fastened to the L-shaped wire attached to the cut- 
ting head, and in this case the cutting head and wire 
The 


output of the audio oscillator, in this case, is sent to 


are used only for supporting the test specimen. 


the hearing-aid unit. 
At this point it is useful to distinguish between 


the two different crossbars used in the vibroscopic 


determination of torsional modulus. One crossbar, 
much the smaller of the two, is a short piece of fine 
nickel wire mounted perpendicular to the axis of the 
test specimen about half-way between the upper end 
of the specimen, cemented to the L-shaped thick wire, 
and the lower end of the test specimen, cemented to 
a plastic mounting tab. It is this magnetizable cross- 
bar which is set into oscillation in a plane transverse 
to the axis of the test specimen by the alternating 
electromagnetic field. The other and much larger 
crossbar is attached to the tab at the lower end of 
the test specimen and, in connection with the two 
upright pegs shown in Figure 2 and mentioned previ- 
ously, is used to restrict the motion of the tab during 
the torsional oscillations. 

Each measurement of mass per unit length, of 
bending modulus, or of torsional modulus for a single 
test specimen requires making and breaking the seal 
of the glass bell jar on the metal plate. But for any 
one of these measurements on a single specimen, it 
is possible with this apparatus to carry out several 
series of measurements at several different pressures’ 
of dry air or at several different pressures of water 
vapor; i.e., at several different relative humidities. 
At the start of the experiment, a good procedure 
appears to the writers to be that of evacuating the 
system to cause the test specimen to become thor- 
oughly dry. This is done by closing both of the exit 
tubes of a three-way stopcock and opening the exit 
tube of a two-way stopcock (Figure 1) connected to 
the vacuum pump. After the system is pumped 
down to an appropriate pressure (0.05 mm. Hg was 
found to be sufficiently low for all the experiments 


reported herein) and has been maintained at this 
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pressure for about 15 min., the two-way stopcock is 
closed, and the three-way stopcock is opened care- 


fully to let in whatever vapor is appropriate for the 
measurement underway. By careful manipulation of 
this three-way stopcock, it was found possible, for 
example, to let in dry air so as to obtain pressures 
in the system 0.01 mm. Hg different from one another 
at the low-pressure end of the range at which meas- 
urements were carried out. To bring the system 
back to atmospheric conditions rather rapidly, the 
three-way stopcock should be turned so as to bleed 
the air carefully back into the apparatus through the 
capillary tip of the other exit tube. It is suggested 
that the appropriate aqueous saturated salt solution 
be used as the source of a desired pressure of water 
vapor. 

As noted previously |1], the length of the test 
specimen is an important parameter in these meas- 
urements; a cathetometer or travelling microscope 
was useful for making length measurements while 
The dis- 


tance of the test specimen from the outer surface of 


the test specimen was inside the bell jar. 


the bell jar and the optical properties of the bell jar 
were such that no difficulty was experienced in 
making the length measurements. 


Results and Discussion 


When the Vacuum Vibroscope is used to determine 
the effects of air-damping on keratin materials, there 
are two effects to be considered; those of the air- 
damping itself and of loss of moisture by the keratin 
material as it is “pumped down” from 65% RH and 
760 mm. Hg pressure (1 atmosphere) to pressures 
as low as 0.05 mm. Hg. ualitatively, this loss of 
moisture would be expected to have the effects of 
reducing the cross-sectional area and increasing the 
elastic moduli; i.e., the feather barbs and down fila- 
ments would be expected to shrink and stiffen with 
decreasing moisture content. As _ will be seen 
shortly, the data obtained are in agreement with 
these predictions. 

To separate the effects of air-damping and mois- 
ture loss, the following cycle of operations was car- 
ried out on a single test specimen for each kind of 
(1) 


quency of vibration was determined at 65% RH and 


vibroscopic measurement. The resonance fre- 
750 mm. Hg pressure (atmospheric pressure for all 
the experiments reported here). (2) The same fre- 
quency was determined in dry air at about 0.05-0.08 


mm. Hg after the specimen had been pumped down 
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to this pressure and held at it for at least 15 min. 
(3) The frequency was determined at various pres- 
sures of dry air intermediate between 0.05 mm. and 
750 mm. Hg and at 750 mm. Hg. In the case of 
these measurements, it was found that the “equi- 
librium” resonance frequency was reached very rap- 
idly, probably because the sample was already com- 
pletely dry. (4) The system was re-exposed to 
65% RH at 750 mm. Hg and the resonance fre- 
quency redetermined. In all instances it was found 
that this redetermined frequency became equal to the 
original frequency within a period of 20-30 min. 
after the previously dry specimen had been exposed 
RH. 
in a conditioned room maintained at this humidity 
and 70° F. 


were observable through the moisture-loss-and-regain 


to 65% All the experiments were carried out 


Since no appreciable hysteresis effects 
cycle, it appears likely that all the samples were 


RH 


humidity, although the initial precautions undertaken 


originally conditioned to 65% from a lower 
to assure that this would be so were not extensive. 
In several instances, it was found to be very difficult 
experimentally to obtain overtone frequencies over 
the entire range of pressures investigated, and for 
this reason only the fundamental frequency was in- 
vestigated for the vibroscopic determinations of mass 
per unit length and of bending modulus. 

The sequence of operations just described was 
carried out on several samples of vane barbs, fluff 
In each case, the mass- 
per-unit-length measurements were made first; fol- 


barbs, and down filaments. 


lowing this, a crossbar was mounted on the test 
specimen and the torsional-modulus measurements 
were made; finally, after the lower portion of the 
test specimen including the crossbar was cut off, the 
bending-modulus measurements were made. 

The dry air was obtained by passing air at 65% 
RH through drying towers packed with glass wool 
The 


towers were packed with alternate layers of ordinary 


and anhydrous calcium sulfate (Drierite). 
white Drierite and blue indicating Drierite, and this 
desiccating material was replaced as soon as the sec- 
ond blue band from the moist-air entrance changed 
its color. To prevent powder from the CaSO, desic- 
cant getting into the vacuum system and perhaps as 
far as the bell-jar arrangement, a trap filled with 
glass wool was placed between the drying towers and 
the vacuum system when air was first introduced to 
the system which was previously at a pressure much 


lower than atmospheric. 
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it was found that the air-damping effects were 
closely similar for the two types of feather barbs 
and for the down filaments. In the case of uni- 
formly-shaped fibers, Karrholm and Schroder [2] 
and Stauff and Montgomery [4] have reported that 
the air-damping increases with decreasing cross- 
sectional area. In particular, Stauff and Montgom- 
ery, who reported on the effects of air-damping 
when the mass per unit length of glass and metallic 
filaments is determined with the vibroscope, found 
that in order to obtain a frequency shift caused by 
air-damping of as much as | cycle/sec. the filament’s 
mass per unit length should be about 20-30 yg./cm 
Therefore, to obtain readily measurable shifts, they 
worked with filaments finer than 10 ysg./cm. In 
terms of the specimens under present study, this 
means that air-damping effects caused by cross- 
sectional area alone are probably significant but rela 
tively small for the specimens of smallest cross- 
sectional area (the down filaments), are less sig- 
nificant for the feather fluff barbs, and are probably 
insignificant for the feather vane barbs. But because 
of the relatively greater area of the barbules on the 
vane barbs compared with the fluff barbs, it might 
be expected that the air-damping caused by these 
would be greater for the vane barbs, and, similarly, 
it might be expected that the corresponding air- 
damping would be greater for fluff barbs than for 
This the 


istence of two sources of air-damping which are 


down filaments argument suggests €X- 
combined to give the same over-all effect for vane 
barbs, fluff barbs, and down filaments. In the case 
of vane barbs, the air-damping caused by the bar- 
bules is probably all-important, while in the case of 
the down filaments, this air-damping may be of 
relatively less importance and the air-damping asso- 
ciated with the cross-sectional area of the filament 

that described in detail by Stauff and Montgomery 
|4|—may be of This 


reasoning is admittedly speculative, in view of the 


considerable significance. 
limited information presently available, but it has 
the virtue of providing a qualitative explanation for 
the effects observed. 

In a typical case, that of a European goose feather 
fluff barb, the data for the resonance frequency 
plotted as ordinate vs. the corresponding data for the 
dry-air pressure in the system plotted as abscissa on 
a logarithmic scale are shown in Figure 3 for the 
vibroscopic determination of mass per unit length. 
Also shown in Figure 3 is the resonance frequency 


measured at 65% RH and 750 mm. Hg. Similarly, 
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the data for the torsional frequency and the bending 
It is read- 
ily apparent from these data that the effects of alter- 


frequency are shown in Figures 4 and 5. 


ing the dry-air pressure in the system are appreciable 
in the cases of mass per unit length (Figure 3) and 
of bending (Figure 5), but relatively insignificant in 
the case of torsion (Figure 4). It is also apparent 
that the effects of going from dry air at 750 mm. 
Hg to 65% RH at the same pressure are appre- 
ciable. 

Calculations were made of this fluff barb’s cross- 
sectional area, 4, torsional modulus, G, and bending 
modulus, Q, from the data shown in Figures 3-5; 
results are listed in Table I. 
assumed that the density of the material was 1.35 


In each case, it was 
g./em.*; i.e., that this density was independent of 
the test conditions. This assumption, of course, is 


probably not strictly correct, but even if the densities 
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Fig. 3. Effect of air pressure on the mass-per-unit-length 
frequency of the fundamental (European goose feather fluff 
barb at 70° F. in dry air and at 65% RH). 
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Fig. 4. Effect of air pressure on the torsional frequency 
(European goose feather fluff barb at 70° F. in dry air and 
at 65% RH). 
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were known, it is unlikely that the actual differences 
in density would be large enough to cause more than 
second-order corrections in the calculated results. It 
will be noted from Table I also that, for the data 
obtained at 0.08 mm. Hg, the values of G and QO 
have been calculated both for the cross-sectional area 
calculated at 750 mm. Hg and that calculated at 0.08 
mm. Hg. That is, the data shown for G and QO in 
the last line of Table | have been corrected for the 
effects of air-damping on both the values of A and of 
G and Q. In the case of the first two lines of values 
listed in Table I, the G and O calculations are based 
It is, of 
course, unlikely that the fluff barb would actually 


on the corresponding cross-sectional areas. 


shrink in cross section in going from a dry-air pres- 
sure of 750 mm. Hg to one of 0.08 mm. Hg. 

From the values listed in Table I, it may be calcu- 
lated that, in going from a dry-air pressure of 750 mm. 
Hg to one of 0.08 mm. Hg, there are an apparent 
decrease of 7.6% in the cross-sectional area and ap- 
parent increases of 4.7% and 11.3% in the torsional 
and bending moduli, respectively. These effects of 
air-damping are closely similar to those observed in 
the measurements carried out on the vane barbs and 
down filaments, except in the case of torsional mod- 
ulus. In this case, for all the other samples tested, 
the air-damping effect was found to be in the range 
of 1-2% 


that the effects of air-damping are appreciable in the 


It is apparent from these measurements 


case of cross-sectional-area and bending-modulus de- 
terminations, but that these effects are relatively 
small compared to the differences that exist between 
the two types of barbs and between the feather barbs 
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Fig. 5. Effect of air pressure on the bending frequency 


of the fundamental (European goose feather fluff barb at 
70° F. in dry air and at 65% RH). 
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TABLE I. Properties of European Goose Feather Fluff 


Barbs at 70° F. 
(Data for this barb are plotted in Figures 3-5.) 


Apparent values for 


G, Q, 


Conditions of test Mg./cm.2. Mg./cm.? 


13.73 
17.54 


2.49 
4.03 


65° RH, 750 mm. Hg 
Dry air, 750 mm. Hg 


Dry air, 0.08 mm. Hg 
(G and Q calculations 
based on A at 750 mm. Hg) 


Dry air, 0.08 mm. Hg 
(G and Q calculations 
based on A at 0.08 mm. Hg) 


The effects 
of air-damping on the torsional-modulus determina- 


and down filaments (see Table II [1] ). 


tions are, as previously noted, much smaller, and in 
some instances the changes of resonance frequency 
over the range of pressures investigated were within 
the experimental error of the frequency measure- 
ment itself. 

It may also be seen from Table I that the effects 
of drying the test specimen, in going from 65% RH 
to dry air at 750 mm. Hg pressure, are to decrease 
the cross-sectional area and to increase the torsional 
and bending moduli. Closely similar results were 
obtained for the vane barbs and down filaments, and 
it may be noted that these effects of drying are rela- 
tively greater than the effects of air-damping. In 
the case of the cross-sectional area determination, it 
should be borne in mind that what is actually meas- 
ured with the vibroscope is the mass per unit length. 
Whether the loss in weight of moisture in drying the 
test specimen is actually accompanied by the apparent 
decrease in cross-sectional area shown in Table I 
is not really known at this time, but it seems likely 
that the specimen would undergo some lateral shrink- 
age on drying. 


Summary and Conclusions 


A Vacuum Vibroscope has been designed and as- 
sembled in order to determine the effects of air- 
damping,\ in the cases of feather barbs and down 
filaments, on the vibroscopic determinations of cross- 
sectional area, bending modulus, and torsional modu- 
lus. Brief descriptions have been given of the in- 
strument and its operation. 


Significant but relatively small air-damping effects 


were observed in the determinations of cross-sec- 
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tional area and bending modulus; the effects observ- 
able in the determinations of torsional modulus were 
that the 
cross-sectional area, bending modulus, and torsional 


much smaller. It was found effects on 


modulus, caused by drying the samples from 65% 
RH at 70° F. to essentially 0% RH at 70° F 
much greater than those caused by air-damping alone. 
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Behavior of Pleated Strips of Wool Fabric 
in an Extensometer 


H. W. Holdaway 
C.S.1.R.O. Wool Research Laboratories, Division of Textile Physics, 
Ryde, N.S.W., Australia 


Abstract 


Certain aspects of the elastico-mechanical behavior of pleated strips of worsted wool 


fabric have been examined using a specially constructed extensometer. 


On subjecting 


the pleat specimens to cycles of extension and retraction, the load-vs.-extension charac- 


teristic settled down to a repeatable hysteresis loop after about eight cycles. 


The loop 


area being relatively small, a study was made of an “equivalent hysteresis-free” mean 


characteristic. 


This was found to indicate behavior which to the first order was that 


expected of a flat strip of linear-Hookean material having a fixed “pleat angle” at the 


midpoint. 


It should be possible to develop a relatively simple apparatus to examine 


pleat sharpness using the technique described here of taking successive superimposed 
flash photographs while extending the pleat specimen. 


Introduction 


Recent intensification of interest in processes for 
putting permanent creases or pleats in fabrics has 
brought about a need for a physical test for satis- 
factorily evaluating pleat performance. The obvious 
parameters to assess are the radius of curvature at 


the pleat and the pleat angle. Because of their sim- 


plicity, established methods of measuring crease an- 
gle and crease-angle recovery, which are used for 
assessing the undesired wrinkling propensity of fab- 
rics, were first tried. 

The considerable difficulties which were encoun- 
tered arose because the crease formed at a pleat is 
The 
following factors are believed to be responsible. 


very much sharper than that of a wrinkle. 
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1. A difficulty of definition of a “pleat angle” in 
terms of a suitable geometrical concept. 

2. Interference, under light loading conditions, be- 
tween the inner surfaces of the fabric near a sharp 
crease. This may arise from mutual interference of 
surface fibers and in some cases from electrostatic 
effects. 

3. The influence of the radius of curvature at the 
apex of the pleat on the visual appraisal of pleats. 

Of various new techniques that were tried, the 
most promising was that based upon applying loads 
to the pleated strip of fabric. Since early trials, in 
which weights were clipped onto one end of a hang- 
ing pleated strip, proved to be promising, an ex- 
tensometer was constructed to give better controlled 
loading and other facilities and to standardize the 
geometry employed. The investigation which forms 
the basis for this paper developed into a study of 
the elastico-mechanical properties of pleat samples 
in a suitable extensometer. 

It was found experimentally that the elastico- 
mechanical behavior of the pleat conformed reason- 
ably to that predicted for an idealized elastica model 
of flat strip exhibiting linear-Hookean characteristics 
and having a constant deflection angle at the pleat 
In particular, lateral deflection of the pleat 
was observed to be a linear function of the longi- 


apex. 


tudinal deflection, and both deflections were linear 
with the reciprocal square root of the measured lon- 
gitudinal tension. 


Essential Pleat Geometry 


The essential principles of holding and loading 
the specimen are shown in Figure 1. 

If the fabric can be regarded as a linear-Hookean 
strip or elastica, it is possible to describe its behavior 


P+W 
M 


Rubber grips. 


Moving Jaw. (Displaced position.) 


Total 


Curvilinear 


Length = F 4 


Rubber grips. Fised Jaw. 


unt, 


Basic pleat extensometer (diagrammatic). 


Fig. 1. 


297 


in terms of geometrical configurations and stiffness. 
In a first analysis it is convenient to idealize the 
pleat by regarding it as having a fixed pleat angle 
at the apex (the deflection angle y shown in Figure 1 
is the most convenient parameter). It is then possi- 
ble to express the length change / — /' and the lateral 
deflection Y in terms of the load P and the stiffness 
S by two relatively simple relationships for mod- 
erately small loads (see Simplified Relationships De- 
duced for an “Ideal Pleated Elastica’). 
ance may be made for extensibility of the strip when 


loaded. 


An allow- 


Apparatus 


Figure 2 gives a general view of the apparatus. 
In addition to the means for holding and extending 
the specimen an optical projection system was pro- 
vided so that one could obtain either a profile, pro- 
jected using an approximately collimated light source, 
or superimposed flash photographs by reflected light 
of fibers near the midpoint of the pleat (for measur- 
ing lateral deflection ). 

Although this extensometer was designed around 
an optical bench there is no reason why the optical 
features could not be added to a conventional ex- 
tensometer such as the Instron. 

The functional arrangement of the pleat exten- 
someter with its ancillary equipment is illustrated in 
Characteristic curves of load-vs.-extension 


Com- 


Figure 3. 
behavior were recorded on an X-Y recorder. 


Fig. 2. Photograph showing the complete layout of the 
“optical” extensometer. (A) Optical bench and extensome- 
ter frame, (B) gauge calibration and control unit, (C) 
X-Y recorder, (D) “Velodyne” servo-motor, (E) D.C. 
servo-amplifier, (F) extensometer control unit (includes 
relay amplifier). 
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pensation for variations in the voltage of the 12 v. 
accumulator was effected by the Gauge Calibration 
and Control Unit, which provided an adjustable low 
voltage supply for both the load transducer (Statham 


Gauge) and the helical extension potentiometer. 


The main control unit controlled starting, rotational 


speed, reversing, duration of run, and stopping of 
the ‘“Velodyne” servo-motor [3] used to power the 
extensometer. Sensitive limit-contacts located for 
load and extension limits triggered the relay ampli- 
The load 


limit contact was operated by the moving carriage 
of the X-Y recorder. 


fier, thus stopping or reversing the motor. 


Experimental Procedures 
Preparation and Mounting of Specimens 


In the experiments to be described, the specimens, 
previously folded parallel to the warp, were pleated 
by first wetting, then clamping between rhodium- 
plated circular plates to a predetermined spacing 
controlled by annular shims. The clamping plates 
were then inserted into boiling distilled water or 
lowered into an autoclave for various prescribed 
times. 

The specimens used to illustrate this paper were 
made of a plain weave white wool worsted fabric 
employed as a standard by our laboratories. Similar 
results have been obtained with a range of commer- 
cial tropical worsted materials. Weight per unit 


170.2 1S W. 


Differentiating Capac tor 
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(0-4mm extension per flash.) 


{2¥. Accumulator. 
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Fined jews 
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area is 15.85 mg./cm.? at 60% RH and 20° C.; 29 
picks/in., 31 warp threads/in.; warp yarns, 2 X 30 
filling 


tex, approximately 8 turns/in., balanced; 
yarns, 2 X 31 tex, approximately 9 turns/in.; mean 
fabric thickness, 0.49 mm. 


in this paper were compressed after folding once to 


All samples considered 


a spacing between the clamping plates of 0.99 mm., 
then immersed in boiling water for various times. 
After preparation a pleated sample of fabric was 
cut into strips 1 cm. wide, for which departures from 
the ideal parallel strip probably did not exceed 5% 
of the width. 
ploying commercially available strip cutters. In 


This could be improved upon by em- 


‘order to facilitate mounting, a simple jig was made 
to hold the upper and lower jaws, the crease being 
located on a 1l-cm.-wide tongue situated so as to 
establish in a reasonably consistent fashion the di- 
mensions of the strip between the crease and each 
pair of jaws. The specimen was gripped at each 
pair of jaws between a pair of small rubber inserts, 
the total curvilinear length / (see Figure 1) being 
approximately 4.3 cm. between the gripping points. 
Typical values of y were of the order of 165 

Speedy insertion of the specimen in the extensom- 
eter was made possible by employing a special spring- 
loaded shackle designed for attaching the upper pair 
of jaws to the Statham Gauge. This can be seen 
in Figure 4. <A simple tool (not shown) served to 
depress the cantilever spring, thus permitting the 
“hooked” side members to be slipped easily onto a 


Siemens 
SFi7 
Flash tube. 


Veladyne . 
benaralor, Motor 


Fig. 3. Pleat extensometer—func- 


tional schematic diagram. 
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Fig. 4. Upper clamp, showing the special shackle and 
retaining spring. Rubber inserts for gripping the specimen 
can just be seen. The size may be gauged from the l-cm 
width of the specimen. 


matching shackle-pin mounted on the force-detecting 
member of the Statham Gauge. 

The specimen having been attached to the jaws, 
the lower pair was first slipped into position on the 
spigot support. After the spring on the upper pair 
was depressed, the latter was slipped onto the 
shackle pin. The spring, now released, served to 
secure the upper pair of jaws positively to the pin. 
The upper jaws could rotate about the pin in the 
plane of clamping, but this plane was held parallel 


to the load axis of the Statham Gauge. 


Longitudinal Extension. (millimetres) 








Fig. 5. Two typical load-vs.-extension curves superimposed. 
Taken after 10 previous loading-unloading cycles. 


Typical Load—Extension Curve and its Idealization 
as a “Hysteresis-Free” Characteristic 


As would be expected, the load-vs.-extension curve 
for a pleat specimen taken through a complete cycle 
of extension followed by retraction took the form of 
a hysteresis loop (see Figure 5). The hysteresis 
could be caused by both the viscoelastic properties 
of the individual wool fibers and by nonreversible 
effects inherent in the fabric structure (e.g., fiber-to- 
fiber friction). The interesting features noted were 
the relatively small loop area and the observation 
that whereas the hysteresis loops changed at first for 
successive extension-retraction cycles, they settled 
down after about 8-10 complete cycles to a loop that 
repeated itself to within 0.2-0.1% of the maximum 
ordinates. Figure 5 is a typical repeat run taken 
Although 
two records were in fact superimposed, they are vir- 


after 10 previous loading-unloading cycles. 


tually indistinguishable, and the loop area is evi- 
dently small. 

It was therefore decided to employ a hysteresis- 
free load-vs.-extension characteristic derived from 
the original hysteresis loop by taking the arithmetic- 


While 


this procedure is strictly valid only if the frictional 


mean load corresponding to each extension. 


force components have equal and opposite mean 
values for extension and retraction, this procedure 
was regarded as likely to introduce only small errors, 
in view of the relatively small loop area. 


Simplified Relationships Deduced for an 
“Ideal Pleated Elastica” 


In the remainder of this paper these simplified 
experimental characteristics are compared with those 
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deduced for an idealized pleat made of a Hookean- 
elastic strip of material exhibiting no hysteresis phe- 
nomena. For conciseness this will be referred to as 
an “ideal pleated elastica.” 

The analytical study of the ideal pleated elastica 
is outlined in the Appendix. The resulting relation- 
ships take the form 


(d + e) 


: ee NS 
ers ~ 4 vers (7) (1) 


4/ yp 


VS 
VP 


Y = 2sin 
in which /, = curvilinear length of elastica at zero 
tension, in grams (a constant independent of tension 
for any one specimen, but varying slightly between 
different specimens due to difficulties of repeating 
exactly the techniques of mounting) ; d = the initial 
spacing between clamps at zero tension, in centime- 
ters (a constant characteristic of the apparatus) ; 
a=a “linear” stretch extensibility coefficient, per 
gram (a constant characteristic of each strip of fab- 
ric) ; P = axial tension component measured at the 
upper end, in grams, minus a correction equal to 
half the specimen weight; vers = 1 — cosine; y 
pleat angle, i.e., the deflection angle measured at the 
pleat (in the present treatment this was regarded as 
being a constant independent of tension and char- 
acteristic of the particular pleat sample; see Figure 
1); S = equivalent stiffness of the strip of fabric, 
i.e., bending couple per unit change of curvature, 
expressed in gram-centimeters-squared (in the pres- 
ent treatment this was regarded as being a constant 
independent of tension and characteristic of a par- 
ticular pleat sample); and Y = lateral displacement, 
in centimeters, of the apex of the pleat measured 
from the plane of the jaws. 

Equation 1 incorporates the main approximations 


for the ideal pleated elastica. First, there is the re- 
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TABLE I. Estimated Errors in Elliptical 
Integral Approximations 


Value of lb VP/WVS 6 8 9 10 12 


‘ 


© Error in right-hand side 2.2 1. 0.2 0.07 O12 


of Equation 1 


‘ 


« Error in right-hand side 8.3 5.3 3.2 2. k A4 
of Equation 2 


placement of the precise elliptical integral formulas 
by approximations which apply with increasing pre- 
cision for large values of P.}/S. The correction for 
stretch also involves an approximation, which is of 
the order of a*°P* X(d+e). 
described in this paper, where P did not exceed 16 
g., the value of a? was less than 0.018. 


In the experiments 


For values 
of e which range up to about 10% of d, the errors 
due to the extensibility approximation probably do 


Equation 2 


not exceed 0.5% of the extension e. 
also contains an elliptic integral approximation. 
Table I gives estimates of the percentage approxi- 
mation errors in the right hand sides of Equations 
1 and 2 for various values of /, vP/ v5. 
In the experiments described /, was approximately 
4.3 cm., while yS was in the order of 0.35-0.42 g.’ 
that for loads between 0.75 
Equations 1 and 2 


g. and 16 g. 


valid for the 


cm., SO 
should be ideal 
pleated elastica within 0.5%, including all sources of 
error. Fortunately, a range of values could be found 
for P which gave a satisfactory compromise between 
excessively large stretch and undesirably complex 
theoretical relationships. 


Discussion of Experimental Results— 
Relation to Predicted Performance 


Figure 6 is a profile projection of a pleat from this 
series. Figure 7 is a typical superimposed flash pho- 
tograph illustrating the successive lateral (and longi- 
tudinal) positions taken up by single fibers at the 


pleat at successive equal increments of extension. 


“+ 
zs 


Fig. 6. Typical profile projec- 
tion of a pleat, illustrating local 
pleat geometry 
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Xe 

Fig. 7. Superimposed flash photographs of a typical pleat 
taken during retraction. Sharply focussed portions of indi- 
vidual fibers permit measurements of relative lateral deflec- 
tions (taken in conjunction with flash markers; see 
ure 5). 


Fig- 


Fig. 8. Typical graphs of extension vs. 1/ VP. 


Owing to the curved pleat form and finite fabric 
thickness it was not possible to measure or estimate 
absolute values of either /, or Y. Since the geometry 
considered is based upon an idealized center line of 
the fabric as seen in side elevation, there 
difficulty in experimentally measuring Y 


was some 
and to a 


2 an 


fo 


d spacing. equivalent 


All strips approximately ! 


Gr 


) 


Fig. 9. Typical graphs of lateral deflection vs. 1/vP. 


due fabric thick- 
ness, particularly in the vicinity of the pleat. It is 
also difficult to devise a satisfactory method of meas- 
uring /, 


lesser degree /,,, to effects of finite 


under conditions of zero tension as defined 
A2 of the 
ing the results, 
d +e 
(1 + aP) 
tered on slope and curvature only of the load exten- 
sion characteristics, assuming that the uncertainty in 
absolute 


by Figure Appendix. Thus, in consider- 


an arbitrary origin was taken for 


lo ad 


and Y, and interest had to be cen- 


values was independent of tension. In 
Figures 8 and 9, which the experimental results 
are plotted so as to test Equations 1 and 2 re- 
spectively, arbitrary shifts of origin were employed 


to permit comparison of several characteristics fol- 


lowing a progressive change in time of pleat prepara- 
d+e 


tion treatment. In Figure 8, is plotted 


1+aP 
against 1/vP, and in Figure 9, Y is plotted against 
l/wvP. 

Soth Figures 8 and 9 exhibit a reasonable degree 
of linearity, thus suggesting that the pleated elastica 
model reasonably represents the behavior of pleats 
in extension and retraction as described in this paper. 


The nearly constant slope exhibited in each case 
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suggests strongly that the pleat angle as such is not 
subject to progressive significant changes with time 
of treatment. 

The linearity exhibited in Figures 8 and 9 by the 
characteristics in the low-load region implies also 
that a linear relationship should exist between ex- 
tension and lateral deflection. In fact, if the extensi- 
bility correction can be ignored, Equations 1 and 2 


imply the approximate relationship 


Ae 


AY|*~ 2 tan 7/8 (3) 


Striking evidence in support of this relationship 
is given by the evident colinearity of successive flash 
images in Figure 7. The slope of the line of images 
1 Ae 
2\|AY 
tionship could provide a basis for developing an 


should be equal to tan y & This rela- 


instrument to evaluate pleat angle from superim- 
posed multiple flash photographs. Comparatively 
simple apparatus could be constructed to extend the 
specimen by turning a handle, with provision for 
triggering off a flash tube at about 0.5-mm. increments 
in extension. instrument 
would be mainly centered around the layout of the 


Con- 
siderable simplifications result from eliminating the 


The design of such an 


optical equipment for taking the photographs. 


need for measuring accurately load and extension as 
such, and for controlling starting, stopping, and rate 
of extension. 

Some departure from linearity occurs in both Fig- 
It is to 
be noticed that the departure from linearity becomes 


ures 8 and 9 in the region of higher loads. 


progressively less as the time of pleat formation is 
extended. Account can be taken of departures from 
linearity by modifying the elastica theory to take 
account of a finite radius of curvature at the apex 
of the pleat, and possibly of a local change in fabric 
stiffness. This matter is to be investigated in an- 


other paper. However, from purely qualitative rea- 


d = Initia! jow spacing } 


e = “Extension” of the elastica 


in +. 
Stiffness « So estding moment 
J Change in curvature. 


Total curvilinear length = v4 


Schematic diagram of the ideal elastica 


Fig. Al. 
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soning it is apparent that a progressive increase both 
in local curvature and stiffness at the pleat represent 
a progressive approach to the ideal pleated elastica 
configuration. That such a progression should oc- 
cur with progressive increases in time of pleat for- 
mation is to be expected, and the results are there- 
fore consistent. 


Conclusions 


Idealized load—extension characteristics taken on 
pleat samples behave to a first order in the manner 
predicted for an ideal pleated elastica. There was 
found to be a linear relationship between both ex- 
tension and lateral deflection and reciprocal square 
root of load. These relationships were valid for a 
range of tensions from 0.75 g. to 16 g./cm. width 
for the fabric described in the section on experi- 
mental procedures, and also for various lightweight 
tropical worsted fabrics. 
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Appendix: Theoretical Load-vs.-Extension 
Behavior of an Ideal Pleated Elastica 
For convenience the elastica is shown on its side 
in Figure Al. The tangents to the neutral line of 
the elastica are constrained to be parallel at the 
The 


couple applied to the ends by the jaws can be re- 


jaws to the direction of the tensile force P. 


garded, as in Figure Al, as equivalent to an ec- 
centricity 4 in the line of application of P. 

The basic differential equation which describes 
the behavior of the elastica is then 


dy 


P(ih + y) = Sa (Al) 


5 


the limbs of the pleat being considered essentially 
free of curvature in the unloaded state. Equation 
Al is regarded as applying for all curvatures ex- 
perienced here; that is, up to a maximum corre- 
sponding to a radius of curvature estimated to be 
about 80% of the fabric thickness. Since a com- 
paratively small proportion of the total pleat is in 
the region of really high curvature, the errors due 


to a possible decrease in accuracy of Equation Al 
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for high curvatures are offset in the final results 
expressed by Equations All and A12, which are 
the results of integration extending over the whole 
of the pleat. 

It is possible to eliminate y by differentiating 


. ° ° ° Z¢ ° ° 
Equation 1, multiplying by vo and integrating 
: 


Sd: 
; dy dni 
noting that ig = 5in ¥)}. This leads to the equa- 
as 
tion 


ds 
= ) 
dy (A2) 


where 


(A3) 


4u* = Ath? (A4) 


Equation A2 can be integrated in terms of stand- 
ard elliptic integrals [1 ], by making the substitution 


g=" 


- ; 
7 > and putting 


x2 pe 


e= 4 it ae 


(A5) 


The following are the useful expressions which 
result 


\Y = k’? + kB sin? ~ 


2) 
k\N 


AU — d —e) 


Approximation formulas can be employed [1,2 ] 
when &’ is small; that is, when, following Equations 
A4 and AS5, the eccentricity # is small. The form- 
ulas are satisfactory if k’ tan @< land k’ < 1 where 


ga% = % 


; ; is the variable introduced to integrate 


Equation A2. We obtain the approximation 


‘ss 4tan (2 ) -exp (— 3d) (A10) 
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Tension = T 


Fig. A2. 


Idealized stretch vs. tension characteristic. 
Then Equation A8 can be replaced by 


AY = 2sin tan aceXP (— $A/) (A111) 


« 


and Equation A9 by 


A(l—d-—e)=4 versin 4 


— 8(Al — 2) tan? ( x) exp (— AJ) (A112) 


8 

Under suitable conditions (which were met in this 
investigation) the exponential terms in Equations 
A11 and A12 may be dropped with only small result- 
ing error (see Table I). 


Allowance for Extensibility 


Data relating to extensibility were obtained by 
performing a load-vs.-extension test on a piece of 
treated fabric adjacent to but excluding a pleat. 
There was found to be very small hysteresis and the 
characteristic was essentially linear except for very 
small loads. This has been interpreted by an 
idealized characteristic, as shown in Figure A2. 

The actual characteristic (ignoring hysteresis) is 
replaced by one in which the curved low-load char- 
acteristic is replaced by a dotted straight-line con- 
tinuation of the main characteristic. An element 
ds (Figure A1) under tension 7 can be regarded as 
having a “‘stretch-free”’ length dso, which actually 
occurs for a small positive tension 7” as in Figure 
A2. For all but the very smallest tensions, the 
tensions are such that the elements of the elastica 
will be operating somewhere in the region A to B 
(7” was found to be less than 0.25 g. for a 1-cm.- 
wide strip). 

If dso is the stretch-free length of an element ds 
where the tension is 7, then we can represent the 
characteristic of Figure A2 by the equation 


ds = dsy(1 + aT) (A13) 
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It is now assumed that, prov ided the total stretch 
correction is small, the fabric stiffness S is unaf- 
fected by stretch of the specimen. Then the previ- 
ous analysis up to Equation A12 is valid provided 
the various dimensions shown on Figure Al apply 
to the actual stretched specimen. The element ds 
in Figure Al is subject to a bending moment or 
force 7 (which 
The 
nated by resolving force components along the tan- 
gent 7 Q in Figure Al Thus we find that 7 P 


cos y; therefore 


couple, an axial tensile causes 


stretch), and shear forces. latter are elimi- 


ds ds | T aP cos ¥ \14 


the curvilinear 


While Figure Al is 


variable with tension, it is convenient to introduce 


length / of 


an equivalent stretch-free length, /o, defined by the 


f ds 


from Equation Al4, we find 


~A 


The second term in Equation A16 may be re- 


equation 

(A115 
Substituting for ds 

that 


ds COs y 


1+ aP cosy (A16) 


garded as a small correction. In view of this we 


approximate to Equation A16 by the relation 


ds cos (A17) 
JA 


The 


integral in Equation A17 is equal to $(d + e); thus 


ees 


(1+ raP) 


where 7 is a quantity only a little less than 1. 
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aP 
1+ raP 


Equation A18 may now be considered in con- 
junction with Equation A12, leading to the result 
1 —aP(1 — r) 

(1 + taP) 


l— (d + e) (A18) 


lo = a +e) | 


+ 4 versin ( y SS 
4/ yP 
that is, 


(d VS 


4 versin ( 7 ae 


(A19) 
4 Al 


Equation A11 is still valid, but we rewrite it in the 
form corresponding to that of Equation A19 


, >. 7 1S 
) 2sin( t) a) p 


dropping the small exponential term. 


(A20) 


Effect of Fabric Weight 


Allowance can be made by a perturbation method 


to correct for fabric weight, provided it is small. 
The conclusion is that the results obtained above 
are valid if the tension at the upper jaw is corrected 


by deducting from it half the weight of the fabric. 
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Aldehyde-Ethylenimine Reaction Products as 
Finishes for Cotton Fabrics 


Leon H. Chance, Rita M. Perkins, and Wilson A. Reeves 


Southern Regional Research Laboratory,’ New Orleans, Louisiana 


Abstract 


In an exploratory study the reaction products of ethylenimine with four aldehydes 


were evaluated primarily as wash-wear 


glyoxal and glutaraldehyde, and two 


crotonaldehyde, were used in the study. 


finishes for 
a,8-unsaturated 
One of the new finishing agents, the reaction 


cotton fabric. Two dialdehydes, 


monoaldehydes, acrolein and 


product of acrolein and ethylenimine, imparted good wrinkle recovery to cotton fabric. 


Evuy.entMine, simplest of the nitrogen-con- 
taining heterocyclics, is a relative newcomer to the 
American scene. Considerable research has been 
done on this highly reactive compound in Germany, 
and it has been made in tonnage lots in that country 
Soth the 
dry and wet strength of paper is improved by addi- 
tion of polyethylenimine [11, 18, 19]. 


ethylenimines are valuable leveling agents in dyeing, 


for use in the paper and textile industries. 
Polymeric 


and may be used also to improve the fastness of dye- 
ings [6, 14, 15, 17]. 
itself been used, but also a number of ethylenimine 
derivatives. N,N’-Octadecylethylene urea, prepared 


Not only has ethylenimine 


from ethylenimine and octadecyl isocyanate, is gen- 
erally considered to be the best of the I. G. Farben 
water repellents [14]. Hexamethylene diethylene- 
urea, prepared from ethylenimine and hexamethyl- 
enediisocyanate, has been used to impart a wool-like 
appearance to textiles [5, 7, &]. 

In this country two ethylenimine derivatives, tris- 
(1-aziridinyl) phosphine oxide and tris(1-aziridiny] ) 
phosphine sulfide, have been reported recently as 
[13]. These compounds, 
which are referred to as APO and APS respectively, 


textile finishing agents 


are made by reacting ethylenimine with phosphoryl 
chloride and thiophosphoryl chloride respectively. 
Both of the compounds have been used along with 
THPC (tetrakis( hydroxymethyl) phosphonium chlo- 
ride) to produce an excellent flame-resistant finish 
for cotton. 

The purpose of this paper is to present preliminary 

1One of the laboratories of the Southern Utilization Re- 


search and Development Division, Agricultural 
Service, U. S. Department of Agriculture 


Research 


work on the application of some aldehyde-ethyleni- 
mine reaction products to cotton fabric. This is a 
segment of a broad program of research being under- 
taken to develop new or improved finishes for cotton 
fabrics. In the present study, ethylenimine reaction 
products of four common aldehydes were prepared 
in the laboratory and then applied to cotton fabrics. 
These fabrics have been evaluated especially for their 
wash-wear properties. Only preliminary tests were 
made on the fabrics treated with the ethylenimine 
reaction products of glyoxal, glutaraldehyde, and 
crotonaldehyde, since these materials seemed to have 
little to offer as wash-wear finishes. Fabric treated 


with acrolein-ethylenimine reaction products ap- 
peared more satisfactory, and, therefore, was evalu- 


ated more extensively. 


Chemical Nature of Aldehyde-Ethylenimine Reaction 
Products 


The ethylenimine reaction products of the alde- 
hydes reported here are highly reactive water-soluble 
compounds. These products containing the hetero- 
cyclic ring are capable of entering into reaction with 
many classes of compounds; carboxylic acids, phe- 
nols, active methylene compounds, alcohols, amines, 
and active methylol compounds. When the aziridinyl 
compounds contain two or more of the heterocyclic 
rings, they form polymers with the above classes of 
compounds. The reactivity of ethylenimine and its 
aziridinyl derivatives is due to the activity of the 
heterocyclic ring structure. The ring is readily 
Water itself is 
sufficient to initiate the ring opening, but this reaction 


As to 


opened in alkaline or acidic media. 


is rather slow at normal room temperatures. 
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the reaction of these compounds with cellulose, cur- 
rent theory [1] is that the heterocyclic nitrogen re- 
acts with an active hydrogen from a cellulose hy- 
droxyl to split the ring and attach through an ether 
linkage : 


Cell—O—H + RNCH.CH:; ———> 


Cell—O—CH:2CH:—N—R 


H 
Polyfunctionality is necessary, of course, to obtain 
cross-linking of the cellulose. At the same time the 
polyfunctional ethylenimine derivatives are capable 
of reacting with themselves in the presence of cata- 
lytic amounts of acids to form highly cross-linked 
polymers [9]. 


Materials and Methods 


The fabric used in these experiments was 80 x 80 
print cloth which previously had been boiled off and 
peroxide bleached. The ethylenimine-aldehyde fin- 
ishing agents are described below in the experimental 
section. In all cases the finishing agents were ap- 
plied to the fabric in the conventional manner of 
padding, drying, and curing. A nonionic wetting 
agent was used in the aqueous treating solutions to 
The 


solutions ranged in pH from about 8 to 11, but did 


obtain uniformity and thorough penetration. 


not contain added catalyst. The add-on of the finish- 
ing agent was varied by altering the concentration of 
the solution. 

The drying and curing operations were carried out 
by hanging the impregnated fabric in an electrically 
heated forced draft oven. Unless otherwise specified, 
the drying was done at a relatively low temperature, 


and the cure was then done at an elevated tempera- 
ture. 


Following the cure, the fabrics were washed 
thoroughly in hot water and then pressed dry with 
a hand iron. 

The efficiency of resin formation within the fabric 
of the treating solutions was calculated from the 
amount of aldehyde-ethylenimine addition product in 
solution, the wet pickup of the fabric, and the resin 
add-on of the dry fabric after a thorough washing. 
The following equation was used: 

Efficiency © 7 (% add-on of resin) (100)" ' 
(% aldehyde-imine in solution) (% wet pickup 

Textile tests were performed under controlled con- 
ditioning of 70° F. and 65% relative humidity, em- 
ploying ASTM standard methods for the following 
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tests: 
[3d], 


method 


tearing strength by the Elmendorf method 
wrinkle recovery angle by the Monsanto 
|3c|, flexing and abrasion by the Stoll 
{3b} and strip breaking strength [3a]. 
Chlorine retention was carried out by the AATCC 
Tentative Test method [2]. 


method 


Experimental and Discussion 


Reaction of Glyoxal and Glutaraldehyde with Ethyl- 
enimine 


When two moles of dimethylamine are reacted 
with a dialdehyde, one of the amine molecules adds 
across each carbonyl to produce a compound con- 
taining two terminal dimethylamine groups adjacent 
to secondary hydroxyl groups [4]. One might ex- 
pect a very similar reaction to occur between a di- 
aldehyde and ethylenimine. Thus, one of the possi- 
ble reactions of ethylenimine and a dialdehyde like 
glyoxal and glutaraldehyde might be represented as 


follows: 
O 


+ 2CH.CH:NH — 


H 
O CH; 


N—C 


H.C H H CH; 


Glyoxal and glutaraldehyde were available as wa- 
ter solutions. Consequently, the reactions with ethyl- 
enimine were carried out in water solution. A typi- 
cal reaction procedure of glyoxal with ethylenimine 
is given below. 

Fifty-eight grams of 30% aqueous glyoxal (0.3 
mole) was placed in a flask with 204.2 g. of water. 
Twenty-five and eight tenths grams (0.6 mole) of 
ethylenimine was added drop by drop with stirring 
over a period of 45 min. The temperature was kept 
The 


solution was stirred an additional hour, allowing it 


below 10° C. by immersion in a cold water bath. 
to warm up to room temperature. The product was 
not isolated from the water solution. This solution, 
containing a theoretical 15% solids, was used in the 
treatment of cotton fabric. 

No the 


reaction when either glyoxal or glutaraldehyde was 


monomeric material was obtained from 


reacted according to the above procedure. Upon 
evaporation of the water even at room temperature, 


With 


hard red insoluble polymers were obtained. 
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TABLE I. 


Resin 
add-on, Efficiency, 
Curing % w// 


Treating conditions 


Drying 


15 hr. at 
room temp. 


5 min. 
at 85° C. 


5 min. 


at 145° C. 


5 min. 
at Ss” C. 


15 hr. at 


room temp. no cure 


Control 


TABLE Il. 


Resin 
add-on, 


“a , “ 
Curing A C 


Treating conditions 
Drying 


48 hr. at 


room temp. no cure 4.7 42 


$8 hr. at 
room temp. 34 


5 min. 
at §5° C. 


15 min. 
at 110° C. 


5 min. 
at 85° C. 
15 min 


at 145° C. ; 37 


5 min. 
at 85° C. 


glyoxal the resin contained 17.8% nitrogen and with 
glutaraldehyde the resin contained 12.7% nitrogen. 


Properties of Fabric Treated with Ethylenimine Re- 
action Products of Glyoxal and Glutaraldehyde 


Samples of 80 x 80 print cloth treated with the 
aqueous solution above were tan to brown in color 
and had a slightly crisp hand. Only a slight degree 
of wrinkle resistance was imparted by these resins, 


and II. 


unexpected, since the monomers polymerized so 


as shown in Tables I This was not too 
readily and gave little chance for cross-linking of 
the cellulose. The loss of tear strength was quite 
noticeable, but was in line with that obtained with 
most wash-wear finishes. 


Reaction of Acrolein and Crotonaldehyde with Ethyl- 
enimine 


Soth of these aldehydes are a,8-unsaturated and 
are sometimes referred to as activated olefinic com- 
pounds. Mannich [12] reported the reaction of two 
moles of dimethylamine with one mole of an a,f- 
unsaturated aldehyde. From his work the over-all 


reaction may be illustrated by the following equation. 


Efficiency, 


Properties of Glyoxal-Ethylenimine-Treated Fabric 


Strip 
breaking 
strength 

(warp), lb. 


Crease 
recovery 
(warp), degrees 


Elmendorf 
tearing strength 
(warp), lb. 


44.1 1.9 101 


104 


Properties of Glutaraldehyde-Ethylenimine-Treated Fabric 


Strip 
breaking 
strength 

(warp), lb. 


Crease 
recovery 
(warp), degrees 


Elmendorf 
tear 
(warp), Ib. 


108 
102 
100 


101 


2R2NH + R—CH 


H 


R 


R».N—CH—CH=CHNR, + H,O 
According to Mannich the reaction may be repre- 
sented as a 1,4 addition with the first mole of ethyl- 
enimine to form an amino-enol structure, which then 
reacts with a second mole of the amine by elimination 
of water to form an unsaturated disubstituted dia- 
mine. 

Ethylenimine was reacted with acrolein and cro- 
tonaldehyde by the method used by Mannich in 
reacting dimethylamine with acrolein. The reaction 
was carried out it ether in the presence of anhydrous 
potassium carbonate. An almost colorless viscous 
water-soluble product was obtained which darkened 
and slowly polymerized when kept at room tempera- 
ture. The product appeared to be reasonably stable 
when kept refrigerated. A pure product was not 
isolated because of the ease with which it poly- 
merized. Freshly prepared samples were used for 
analysis. Water solutions were made up for appli- 


cation to fabric. Hard, dark red polymers were 
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obtained when the water was evaporated from the 


aqueous solutions. The viscous product obtained 
from the reaction of two moles of ethylenimine with 
18.6% 


whereas after polymerization and thorough washing 


one mole of acrolein contained 


nitrogen, 
the resin contained 17.2% nitrogen. The correspond- 
ing crotonaldehyde derivatives contained 15.3% ni- 
trogen for the water soluble monomer and 13.9% 
for the resin. Apparently the reaction did not pro- 
ceed completely according to that suggested by Man- 
nich, because infrared spectra on the reaction product 
of two moles of ethylenimine with the a,8-unsaturated 
aldehydes showed no evidence of a carbon-to-carbon 
double bond, but did show carbonyl and hydroxyl 
groups to be 


present. During the reaction there 


was no evidence of the elimination of water since 
there was no weight gain of the potassium carbonate. 
From the above experimental facts, the reaction ap- 


parently proceeds as follows. 


) 


RCH=CH¢ H + CHeCH:NH 


H O 
C—( H + CH»CH»NH 
H 


CH 


\pparently a small quantity of the aldehyde product 
of Reaction A did not undergo Reaction B; this 
would account for the presence of carbonyl groups 


and would be in agreement with the nitrogen analysis. 
TABLE III. 


Treating conditions Resin 


add-on, 


( 


Drying 
5 min 5 min 
B5° C. 145°C 
24 hr. 


room temp. 


5 min. 
85°C. 
24 hr. 


room temp. no cure 2.2 


* Strip break of untreated control fabric was 45.2 lb 


Efficiency, 
Curing / of// 
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Properties of Fabric Treated with the Ethylenimine 
Reaction Products of Crotonaldehyde and Acrolein 
Samples of 80 x 80 print cloth were tan to light 

brown in color and had a soft hand even with a 

Due to the low effi- 

ciency of the crotonaldehyde ethylenimine treating 


resin add-on as high as 10%. 


solution, only a brief evaluation of the fabric was 
made. However, data in Table III show a 116 
crease recovery angle (warp) with only 2.2% resin 
add-on when the wet impregnated fabric was allowed 
to cure at room temperature. 

Water solutions containing the acrolein-ethylen- 
imine reaction product were much more efficient and 
the treated fabric exhibited fairly good crease recov- 
ery. Consequently, a more thorough evaluation of 


this finish was made. All of the finished samples 
had a good hand, including the sample with 10.4% 
resin. The resin add-on and the crease recovery 
angle increased as more resin was put on the fabric, 
With 10.4% resin the crease 


recovery (W + F) was 276 


as shown in Table IV. 
The resin add-on and 
even the efficiency increased by using more solids in 
the treating solutions. There was little or no change 
in the abrasion resistance and tearing strength when 
2.1% 


It is interesting to note the results obtained 


the resin add-on was increased from 


10.4%. 


when the resin-forming monomer was applied from 


up to 


a benzene solution. Normally the application of such 
finishing agents from organic solvents leads to sur- 
But 


stiff and a crease 


face deposits and consequently a stiff fabric. 


in this case the fabric was not 


recovery of 242° was obtained. 


Table IV 
were softened by padding the fabric through a 1.0% 


Swatches of the fabrics described in 
emulsion of Primenit? VS (N,N’octadecylethylene 


2 Throughout this paper, mention of trade names and firms 
does not imply their endorsement by the Department of Agri- 
culture over similar products or firms not mentioned. 


Properties of Crotonaldehyde-Ethylenimine-Treated Fabric 


Strip 
breaking 
strength* 
warp), Ib. 


Elmendorf Crease 
teart 


warp), Ib 


recovery 


warp), degrees 


36.7 ; 98 


101 


116 


t The Elmendorf tearing strength of the untreated control was 2.8 Ib. 





Aprit 1960 


urea), then dried at about 85° C. Test results of the 


softened samples appearing in Table V show sub- 
stantial improvement, except for breaking strength, 
over the unsoftened sample of Table IV. In all cases 
the tearing strength was improved; on the average 
the improvement was about 25%. The crease re- 


covery of the fabric with 5.1% resin was increased 


309 


CEU had a crease recov- 
with a breaking strength of about 


with a resin add-on of 6% 
ery angle of 285 
30 lb., whereas fabric with a resin add-on of 5.1% 
acrolein-ethylenimine had a crease recovery angle of 
274 


dorf tearing strengths were also comparable. 


and a breaking strength of 33 Ib. The Elmen- 


Table VI shows the effect that aging of the treat- 


The 
resin applied from benzene solution 
The 


shown in Table V compare favorably with results 


to 274°, which is generally considered good. ing solution has on some fabric properties. In these 


a 


sample with 5% experiments the solutions were made up containing 


was equally affected by the softener. results 20% solids (acrolein-ethylenimine addition product ) 


and then allowed to stand at about 30° C. for various 


obtained from some of the commercial resins such as lengths of time before use. Crease recovery, tearing 


cyclic ethylene urea (CEU). For example, fabric strength, and tensile strength do not appear to be 


TABLE IV. Properties of Acrolein-Ethylenimine-Treated Fabric 


Drying time 10 min. at 85° C; curing time 10 min. at 145° C. 


Solids in 
treating 
solution, add-on, Efficiency, 


( ‘ ‘ 
‘ ‘ ( 


Strip 
breaking 
strength 
warp), lb. 


Flex 
abrasion 
(warp) 


Elmendorf 
tear 
(warp), lb. 


Resin recovery 
warp plus 


filling), degrees 


10 . , 258 
20 ; ' 3 149 
3x0 ; . 109 
30 36. ; 2 
20* : ; , 1 


218 
240 
266 
56 276 
242 


Untreated 


cloth aan 159 


$3.1 


* This sample was treated with a benzene solution instead of a water solution. 


TABLE V. Properties of Acrolein-Ethylenimine-Treated Fabric after Softening with 1% Primenit VS 


Crease 
recovery 
(warp plus 
filling), degrees 


Abrasion 
flex 
(warp), 

lb. cycles 


Solids in 
treating Resin 
solution, add-on, 


( ( 
‘ ( 


Strip 
breaking 
strength 

(warp), Ib 


Elmendorf 
tear 
warp), 


508 
283 
263 
255 
297 


10 1 
20 5.1 
30 7 
x0 10.4 
20* 5.0 


Uw ww uv 
NM No hd NO bo 


1.6 


* This sample was treated with a benzene solution instead of a water solution. 


TABLE VI. Effect of Aged Acrolein-Ethylenimine Solutions upon Fabric 


Wet 


crease 


Stiffness 
warp) bending 
moment 
(10-4 in.-Ib.) 


Strip 
breaking 
strength 

(warp), lb. 


Crease 
Elmendorf 
tear 
(warp), lb. 


Resin recovery 


Age of add-on, w +f), recovery,t 


solution, hr. degrees wt+t 


34.9 3.4 
37.5 Si 
39.8 8.6 
46.0 11.6 


41.6 


247 
261 
248 
218 
9 220 


Less than 1 hr 


* Fabric was softened with 1°, Primenit VS. 
+t Wet crease recovery angle of untreated control was 160 
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significantly affected when treated with solutions up 
to 5 hr. old. 
was somewhat stiff and had a low crease recovery. 
The resin add-on and the stiffness of the fabrics are 


Fabric treated with 24-hr.-old solutions 


increased by allowing the solutions to age, but even 
these aging effects are not too great. These obser- 
vations indicate that the resin-forming solutions are 
adequately stable for textile finishing purposes, pro- 
vided they are used within 24 hr. of preparation. 
The wet crease recovery of the first three samples 
shown in Table VI was measured, since this is an 
The 


wet crease recovery was measured in the following 


important factor in wash-and-wear finishes. 


The samples were soaked in water contain- 
and then 


manner. 
ing 1% wetting agent for 5 min. at 140° F. 
blotted for 5 min. between two pieces of a standard 
Then the crease recovery angles 
The first 


blotting paper. 
were measured by the Monsanto method. 
and second samples had wet crease recovery angles 
about 9% and 7% less, respectively, than the dry 
samples. The third sample, which had been treated 
with a solution 5 hr. old, had a wet crease recovery 
angle (252°) about the same as the dry fabric 
248°). 

The acrolein-ethylenimine resin was very resistant 
to laundering techniques described in Federal Speci- 
fications [16]. 
loss in nitrogen after 15 laundry cycles. 


Table VII shows that there was no 
The in- 
crease in crease recovery produced by softening with 
Primenit VS was removed by 15 laundry cycles. 
However, the crease recovery was still almost as 
good as that of the unsoftened samples which had 
not been laundered. 

Cotton fabrics treated with the acrolein-ethyleni- 
mine addition product were tested for rot resistance 
by the soil burial method. Samples containing 8.6% 
resin retained 68% of their tensile strength after 6 
weeks in active soil beds. However, they retained 
only 27% of their tensile strength after 8 weeks. 
Untreated control samples had deteriorated after 6 
to 7 days in the soil beds. 

Samples of print cloth treated with acrolein- 
ethylenimine addition product were subjected to the 
standard chlorine retention tests. A sample contain- 
ing 5.7% resin retained 95% of its breaking strength 
after the bleach and 76% after the bleach and scorch. 
Another sample containing 7.7% resin retained 98% 
of its strength after the bleach and 87% after the 
bleach and scorch. 


Since the fabrics were tan or brown in color, sev- 
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eral methods of bleaching were tried as a means of 
removing the objectionable discoloration. Hydrogen 
peroxide, sodium perborate, and Clorox were tried; 
the most effective was Clorox. Considerable color 
could be removed by treating the fabric with 0.5% 
Clorox for 5 min. at 50° C. However, the fabric 
was still a pale yellow. The treated fabrics were 
rated for color before and after bleaching with Clorox 
by comparing with color charts in the Munsell Book 
of Color. An unbleached sample was given an ap- 
proximate Hue/Value/Chroma Munsell color nota- 
tion of Y/7/6, and a bleached sample was given a 
notation of Y/8/4. The crease recovery of a sample 
from 127 to 119° (warp). 
This reduction was probably due to removal of the 


was reduced (warp) 
resin finish, since the nitrogen content of the treated 
fabric was reduced from 0.96% to 0.26% by the 
Clorox treatment. 

The yellow color can be masked by dyeing with 
vat dyes such as Ponsol Jade Green D and Ponsol 
R G-2B. 


entirely removed, such a fabric would have to be 


Therefore, unless the yellow color can be 


dyed to be considered for practical application in the 
apparel and household furnishing field. 


Summary 


In this exploratory study the reaction products of 
ethylenimine with four aldehydes were evaluated pri- 
marily as wash-wear finishes for cotton fabric. Two 
dialdehydes, glyoxal and glutaraldehyde, and two 
a,B8-unsaturated monoaldehydes, acrolein and croton- 
aldehyde, were used in the study. The preparation 
of the finishing agents and their application to 80 
x 80 print cloth were done on a laboratory scale. 
The proposed structures of the reaction products are 
given. The compounds were applied to the fabric 
from aqueous solutions and then dried and cured. 
Aqueous solutions are suitable for use for at least 
five hours after preparation. 

Fabrics treated with the aldehyde-ethylenimine 
reaction products were tan to light brown in color; 
however, they were readily dyed with vat dyes. 

One of the new finishing agents, acrolein-ethyleni- 
mine, imparted good wrinkle recovery to cotton fab- 
ric. Fabric with about 5% of this finish plus about 
1% of octodecylethylene urea had a dry crease re- 
covery of 274° (w+f). The Elmendorf tear was 
1.6 Ib. (w) and the flex abrasion was 283 cycles. 


The hand was good and the stiffness was very low. 


After 15 laundry cycles, little or none of the finish 
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TABLE VII. 


Effect of 15 Laundry Cycles on Acrolein-Ethylenimine-Treated Samples * 


Softened with Primenit VS 


Before softening 


Crease 
recovery Nitrogen, 
(warp), degrees % 


Resin 
Sample add-on, 
no. / 


127 
124 
108 
116 


125 


1.14 
0.93 
0.56 
0.66 
0.93 


—-Unmnw sl 


Before laundry 


* After the fabrics were impregnated with the treating solution, 


145°C 


had been removed and the crease recovery was un- 
impaired. 
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Physical Properties of Chemically Modified Cottons 
Part V: Effects of Aminization 


Allan W. McDonald,' Geraldine C. Humphreys,' and James N. Grant 


Southern Regional Research Laboratory,? New Orleans, Louisiana 


Abstract 


Yarns from six cottons selected for their widely different fiber characteristics were 


partially aminized to a degree of substitution averaging about 0.043. 


Yarns were allowed 


to contract in length during the chemical reaction but were placed under a small load 


during the washing and souring processes. 


increased by the treatment. 


Moisture regain and linear density were 


Modified cellulose density and fiber length were decreased. 


The changes in tenacity and modulus showed inconsistencies among samples of different 


cottons, with trends similar to those found in mercerization. 
found for the fiber bundles but increases for the yarns. 


appreciable changes in tenacity. 


Decreases in tenacity were 
The single fibers showed no 


Secant moduli of fibers and yarns were intermediate 


between those of slack and normal length mercerization. 


Metuops of reacting the cellulose of cotton 
fibers with 2-aminoethylsulfuric acid and sodium hy- 
droxide, replacing hydroxyl hydrogens with amino- 
ethyl groups to produce partially aminized cottons, 
have been described by Guthrie [5] and Reeves [10]. 
Aminized cottons dye readily with acid dyes and offer 
possibilities as pretreatments for flame and rot resist- 
ance as well as for many other chemical reactions. 

The chemical and physical characteristics of the 
partially aminized (AM) cottons as measured from 
yarns and fabrics have been reported [11]. How- 
ever, information on the physical properties of the 
aminized fibers is limited [2]. Also, yarn and fabric 
measurements reflect composite effects caused by 
interaction of fiber properties within yarns and fabric 
constructions, which make the changes in the fiber 
properties difficult to evaluate. 

In the present investigation cottons of several dif 
ferent fiber properties have. been partially aminized 
to secure a substitution found practical for other 
chemical treatments. The physical properties of the 


aminized cottons were determined from yarn and 


fibers from the yarns. The properties of the aminized 
were compared to those of the untreated, to the 
inherent characteristics of the cottons, and to the 


properties of mercerized cottons. 


1 Resigned 

2 One of the laboratories of the Southern Utilization Re- 
search and Development Division, Agricultural 
Service, U. S. Department of Agriculture. 


Research 


Experimental 
Samples 


The six untreated cottons, which varied widely in 
selected fiber properties, have been used in the sev- 
eral investigations of effects of chemical modifications 
on fiber and yarn properties. Properties of the fibers 
and yarns were described in Part I [6]. Yarns from 
these six aminized and untreated cottons were de- 
fibered to secure fibers for single fiber and bundle 


tests. 


Treatments 

The cotton yarns were treated as skeins according 
to the processes for partial substitution described by 
Guthrie [5] and Reeves [10]. Yarns were wet in 
an aqueous solution containing 25% sodium hydrox- 
ide, 1% wetting agent, and 10% 2-aminoethylsulfuric 
acid. After becoming thoroughly wet, the skeins 
were centrifuged for 5 min. followed by drying for 
80 min. at 100° C. 
static load, about 60 g. per single strand, during 


Each skein was placed under a 


washing, souring with acetic acid, and rinsing with 
A control from 
the 


three exchanges of distilled water. 


Rowden yarn was treated without 2-amino- 


ethylsulfuric acid. 


Test Methods 


The methods used to measure the physical prop- 
erties of fibers and yarns were described in Part I 
[6]. The changes in physical properties of both 
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TABLE I. 


Degree of Substitution of Six Aminized Cottons Together with Cellulose Densities, 


Moisture Regains, Fiber Lengths, Linear Densities of Fibers and Yarns 


Cotton 
treated 


Nitrogen 


content, 
t 


Degree of 
substitution Density, 
c 


( g./cc. ( 


+ .OO1Ff 


.508 11. 
507 11. 
.507 11. 
512 is 
507 11. 
510 11.9 


Acala 1517 38 
Coker 100 Wilt 37 
Deltapine 14 

Rowden 41B 33 
Stoneville 2B 39 
ee 2 37 


044 
043 
045 
.039 
045 
043 
* Linear density (g 
+ Standard error of mean. 


fiber and yarn are expressed as percentages of the 
value for the corresponding properties of the un- 
treated. The nitrogen contents of the samples, ex- 
pressed as percentages of the dry weight and indica- 
tive of the degree of substitution (DS), were deter- 
mined by the Kjeldahl method. 


Results and Discussion 


The chemical reaction with the cellulose which 


produces partially substituted aminized cotton takes 
place in a sufficiently strong solution of sodium hy- 


droxide to cause the cellulose swelling comparable 


to that of mercerization. While swelling occurred in 
the fibers of slack yarns, the small stress applied to 
these yarns during washing and souring makes the 
tensional effect intermediate between that of a slack 
and a constant length treatment. In some instances 
the changes in physical properties reflect the effects 
Table I are 
given the degree of substitution (DS), cellulose 
density, and moisture regain for a sample of the six 


of both the swelling and tension. In 


cottons. Also given are the fiber lengths and linear 
densities for fibers and yarns and the percentages 
changed from the untreated. 

that the 
degree of substitution reached was approximately 
equal for five of the samples but was slightly lower 


for the sample of Rowden. 


The nitrogen content values indicated 


The densities of the 
aminized cellulose as measured with the gradient 
column (Table I) are in good agreement with the 
DS. 
gree of substitution, had the highest density. 
average density for the six cottons, 1.508 g./cc 


The Rowden sample, which had the lowest de- 

An 
.. Was 
below that of slack mercerized (1.518 g./cc.) or mer- 


Moisture 
regain, 


+0.1f 


Linear density 


Fiber length Fibers* Yarns 


Mean, Change, 
tex wf 


Mean, Change, 
f 


Mean, Change, 
in. J % 


tex ( 


+ .02 


0.96 
0.87 
0.85 
0.91 
0.89 
1.25 


+ .002t 


.176 
.205 
.209 
.276 
201 

.148 


+ 1.1f 


82.3 
83.4 
79.8 
84.5 
79.0 
78.7 


—8 
—8 
—10 
—§ 
—8 
—6 


1000 m.) for 1-cm. length sections from center of fibers. 


TABLE II. Degree of Substitution, Density, and Moisture 


Regain of Partially Aminized Fabrics 


Moisture 


regain, “% 


Treating 
solutions 


Degree of Density, 
substitution g./ce. 


+ 0.1 


10.0 
10.9 
11.1 
11.3 


+ .001 


.508 
504 
502 

500 


10% 2AES 
25% NaOH 


10% 2AES 501 


OF 11.4 
35% NaOH ; 1.499 


12.0 


20° 2AES 
25° NaOH 


502 
501 


10.6 
10.8 
cerized at normal length 
Part III [8]. 
cotton (1.550 g./cc.) was expected, since the swell- 
ing with sodium hydroxide and the substitution of 


(1.533 g./cc. ) given in 
A density below that of untreated 


aminoethyl for the hydroxyl groups both should cause 
decreases in density. 

However, the moisture regains for aminized cot- 
tons (11.7-11.9% ) were greater than those of slack 
mercerized (average 9.4%) or normal length mer- 
cerized (average 8% ), and much greater than those 
The 
relationships among DS, density, and moisture re- 


of untreated cottons, which averaged 6.8% [6]. 


gains for yarns are inconclusive except that the 
Rowden with the highest density had the lowest 
moisture regain and DS. Evidence that relationships 
exist between these properties are given in Table II 
for fabrics from another investigation but treated 
with concentrations of NaOH and aminoethylsulfuric 
Mois- 


ture regains for other pairs of fabrics in the series 


acid equivalent to those for the yarns [11]. 
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with equivalent DS but treated in different concen- 
trations indicate differences due to concentrations of 
solutions, but for any combination of concentrations 
the relationships were evident. Also, the moisture 
regains for yarns are slightly higher than those of 
fabrics, which is frequently observed when moisture 
of yarns and fabrics are compared 

The small load on yarn during souring and wash 
ing appeared to have affected the length and elonga 
tion (not given) of fibers and yarns 
averaging 7.5% for the six 
slack 
mercerization (13%) but more than that found by 


mercerization at constant length (2% ) 


in fiber length, Table I, 


cottons, was less than the decrease found in 


The shrink 
age in length and lateral swelling occurs in fibers 
The 


uniformity of fiber length and shapes of the distri 


while in the sodium hydroxide. measures of 
bution curves indicated that breakage during the de 
fibering of the yarns had been a minor factor in the 
The 
shrinkage in length between that of slack and normal 


decreases in lengths. intermediate value for 
length mercerization indicated that if swelling in 
NaOH was complete the fibers were strained by the 
Also, a 


sample of the Rowden treated with 25% sodium hy- 
the 


load applied during washing and souring. 


droxide solution alone under same conditions 


showed a 9% decrease in length, which approxi- 
mates the decrease of the aminized and less than that 


slack 


lengths, while not measured, were observed. 


found in mercerization. Decreases in yarn 


The linear density of both fiber and yarn was 
increased by aminization. 
10% 


The increases (averaging 


8.2% in fibers and in yarns) were less than 


TABLE III. 


The clec rease 
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those expected from the changes in other properties 
which should affect the property. As compared to 
the untreated fibers, the 7.5% decrease in length, 5% 
increase in moisture regain, and 1.2% increase in 
weight from the addition of aminoethyl groups would 
give an expected increase in linear density of about 
14%. The the 


expected, about 6°, can be attributed in part to the 


difference between measured and 
loss of noncellulosic constituents in treating raw cot- 
ton, but such losses (about 3 to 4% ; [4]) are less 
than the losses observed in aminization. Similar un- 
accounted-for differences between the observed and 
expected (calculated) linear densities were observed 
after acetylation |7| and to a lesser extent after car- 


boxymethylation [3] and mercerization [8]. 


Tensile and Elastic Properties 


The tensile and elastic properties as measured from 
the tenacity and secant modulus (tensile stiffness) 
are given for the six cottons in Table III. Elonga- 
tions at break are omitted, since these values are 
obtainable from values for tenacity and secant modu- 


lus [1]. 


of the fibers and yarns which influence the processing 


Modulus reflects the changes in stiffness 


behavior and qualities of textile materials. 

In tenacity, the percentage change from the un- 
treated related in the test 
Tenacity of the fibers showed changes ranging from 


was part to methods. 


an increase of 12% to a decrease of 7% within the 


six cottons. The tenacities of yarns increased for 
five of the cottons and decreased for the sample of 
S x P. 


was an increase of 10%. 


An average percentage change in the yarn 


Increases in tenacities ob- 


The Tenacities and Secant Moduli of Aminized Cotton Fibers and Yarns 


and Changes in These Properties from Those of the Untreated Cottons 


Tenacity* 
Fibers Bundles 
Cotton 
treated 


Change, Change, 


tex o/ 


Mean, Mean, 
g./tex . g 


+ 0.7 


Acala 1517 
Coker 100 Wilt 
Deltapine 14 
Rowden 41B 
Stoneville 2B 
Sx P 


30.1 

26.8 

29.2 0 

31.5 12 

28.4 11 37 
41.2 —6 39 


—il1 
—13 
—12 
—13 
—16 
—15 


Secant modulust 


Yarns Fibers Yarns 


Mean, Change, Mean, 


g./tex C g. 


Change, 


« 


Mean, Change, 
tex Ve % 


g./tex < 


+ 0.1 


| 


18 300 
15 267 
17 13 279 
15 18 314 
18 23 322 
21 —9 353 


| | 
— mK wNN 


~ 


wae we — 


| 


| 


* Gauge lengths: fibers, 0.71 cm.; bundle, zero jaw spacing (Pressley); yarns, 25.4 cm. 


tT Secant modulus = tenacity/percent elongation. 
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50 
+ FIBERS 


© BUNOLES 
@ YARNS 


(9 /tex) 


TENACITY OF AMINIZED COTTONS 


20 30 40 50 
TENACITY OF UNAMINIZED COTTONS (9/tex) 


Fig. 1. 
to that of the 
yarns. 


The relationship of tenacity of partially aminized 
unaminized (A) fibers, (B) bundles, (C) 


but not in fibers were attributed 


partially to changes in fiber surfaces and interfiber 


served in yarns 


contacts produced by swelling and tensioning the 


yarn during washing. In contrast to increases of 
the yarn tenacities, the fiber bundle tenacities meas- 
ured at zero jaw spacing showed a decrease averag- 
ing 13%, with only a small difference between the 
percentage changes for any of the cottons. 

In Figure 1 the tenacities for fibers, bundles, and 
yarns of the aminized cottons are compared with 
corresponding values for untreated. Regression lines 
(A), bundles (B), (C) 
calculated from paired values of the tenacities of the 
The dashed line 


for fibers and yarns are 
untreated and aminized cottons. 
represents the unit slope relationship. The scatter 
of points about the lines indicated larger differences 
among cottons in tenacity of fibers and yarns than 
of bundles. The scatter of points for bundle tenacity 
is very small. The three lines have slopes essentially 
equal, and as a group the departure from unity is 
significant. 

Since the swelling is attributed principally to the 
sodium hydroxide, and yarns were washed while 
under a small strain, the tenacities of the aminized 


have been plotted in Figure 2 


against values pre- 
viously reported [8] for these cottons after both 
slack and normal length mercerization. The scatter 
of observations about the lines for fibers (A) and 


yarns (C) from the paired values of aminized and 


+ FIBERS 
© BUNOLES 
@ YARNS 


NORMAL 
LENGTH 


am 
— NO TENSION 
A YARNS 


(o/tex) 
2 
°o 


a 


TENACITY OF AMINIZED COT TONS 


20 30 40 50 
TENACITY OF MERCERIZED COTTONS (¢/tex) 


Fig. 2. The relationships of tenacity of the partially 
aminized to that of the mercerized at normal length (A) 
fibers, (B) bundles, and (C) yarns and to that of the slack 
mercerized (@) fibers, and (D) yarns. 


mercerized at normal length is less than that ob- 
The 
lines are appreciably below but the slopes are not 
different from that of unity. When 
tenacities are compared with those for the slack 


served for corresponding lines in Figure 1. 
significantly 


mercerized (D) yarns and points for single fibers 
for three cottons [8], the scatter is about the line 
of unit slope. The average tenacities of the single 
fibers and the yarns of the aminized, slack mer- 
cerized, and the untreated were essentially equal. 
The higher tenacities for the mercerized at normal 
length were attributed to the effects of tension during 
swelling and washing. However, the ranks for the 
single fiber tenacities of the six aminized cottons 
would be identical to the 
constant length if ranks for the Deltapine and Row- 


those of mercerized at 
den samples were not reversed in the two series. 

The intersections of the lines in Figure 1 with 
that of unit slope indicate that untreated cottons 
with the lower tenacities were increased by aminiza- 
tion while the strongest (S X P) showed in each 
type of test that strength had been decreased. The 
decrease in tenacity of S X P with aminization fol- 
lows a trend for this sample in slack mercerization 
|8] and acetylation [7]. Increases were observed 
for the six cottons during carboxymethylation [3] 
and mercerization at normal length [8]. However, 
the increases for the sample of S X P were the small- 
est found in the six samples. 
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Secant Modulus 


The secant moduli of the single fibers decreased 
during aminization. The percentages averaged 20% 
(Table II1). This 
44% obtained 
from slack mercerization and opposite to that in 


and ranged from 11 to 25% 


average decrease was less than the 
mercerization at normal length, which showed a 19% 
increase. The change in modulus for yarns was less 
than for fibers, but the spread in the six cottons, 
12% 


was twice that found for fibers. 


ranging from a decrease of to an increase of 
16° Oe 


range for yarns than for fibers has been attributed 


The greater 


to inequalities in strain on yarn during washing. 
The decrease, observed in fibers but not in yarns, 
can be caused by a readjustment of fibers which re- 
duces the yarn elongation at break but does not cause 
The 


decreases in both fiber lengths and moduli indicate 


appreciable strains in the individual fibers. 


that the load on yarns during washing was insuff- 
cient to strain fibers to compensate for contraction 
in length which occurred during the alkali swelling. 

The decreases in secant moduli for aminized fibers 
were associated principally with the alkali swelling, 
which increased the elongations at break but caused 
no appreciable changes in their tenacities. Increases 
in elongation for cotton are known to be valuable 
if recovery properties are likewise improved. How- 
ever, in alkali swelling when fibers are permitted to 
shrink in length, the increases in elongation are 
caused essentially by shrinkage in length, with only 
minor changes in elastic recovery. from high loads. 
In the aminized fibers, the recovery from loading to 
about 50% of the breaking load was slightly greater 
than that for untreated fibers. When this recovery 
is expressed as a percentage of the strain, the per- 
that for 
Elastic properties of the aminized fibers were similar 


centage is much below untreated cotton. 


to those reported for slack mercerized low twist yarns 
[9]. 


most of their increased extensibility is lost as per- 


When both are strained under high loads, 
manent set. If fabrics are made from fibers of these 
characteristics, they are dimensionally unstable until 
strained under appreciable loads, and after stretching 
would have elastic properties very similar to those 
of mercerized fabrics. 


Summary and Conclusion 


The substitutions of aminoethyl groups for hy- 


droxyl hydrogens in the sample of six cottons of 
different fiber properties are essentially equal in each 
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of the cottons. Significant changes are found in 
several physical properties of the fibers. 
of the cellulose 
(DS 0.04) 
above those of the mercerized cotton and 5% 
the untreated. 

Fibers taken 
shorter than 


The density 


was decreased. Moisture regains 
were increased to 11.8%, about 2.4% 
above 
from the treated 75% 


yarns are 


those from the untreated. The de- 
crease in length is attributed to shrinkage and lateral 
swelling by the sodium hydroxide, since distribution 
of lengths was essentially unchanged from that of 
the untreated. The lateral swelling of the fibers, 
the addition of aminoethyl groups, and the increase 
in moisture caused increases in linear density of both 
fibers and yarns. 

Tenacity changes for cottons of the different char- 
acteristics are more than those of density or length. 
Fiber tenacities were increased for the Rowden and 
Stoneville samples but decreased for the Coker Wilt, 
Acala, and S * P samples. 


of the 


Yarn tenacities for five 
bundle 
While 


sample variation is greater in the tenacities of single 


cottons were increased. However, 


tenacities were decreased for all samples. 


fibers than in those of the bundles or yarns, the 
elimination of interfiber effects increases the relia- 
bility of the single measurements as indicative of the 
changes found in the cellulose properties of the fibers. 

The decrease in secant modulus for aminized fibers 
was less than that for the slack mercerized and oppo- 
site in effect to changes from mercerization at nor- 
mal length. The changes in secant moduli were less 
for yarns than for fibers and much more variable 
among yarns of the different cottons than among 
their fibers. 

The 


changes are attributed principally to the swelling in 


length and tensile and elastic property 


NaQH or the combination of the NaOH and amino- 
ethylsulfuric acid, since the latter without the NaOH 


While the 


treated slack, the tensional forces applied during the 


does not swell cellulose. yarns were 
souring and washing processes introduced stretching 
effects intermediate between those of slack and con- 
stant length treatment. Density and moisture re- 
gains reflect the effects of both the swelling and 
addition of amino groups. 

Cottons of different characteristics differed in their 
Fiber tenacity of the S x P was decreased, 


The 


effect on tenacity for these cottons was similar to 


behavior. 


while that of Stoneville showed an increase. 


that found in slack mercerization. 
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Gordon Research Conferences 


Individuals interested in attending a Conference are requested to send their applica- 
tions to the Director. Each applicant must state the institution or company with which 
he is connected and the type of work in which he is most interested. Attendance at 
each Conference is limited to 100. 

Requests for attendance at the Conference, or for any additional information, should 
be addressed to W. George Parks, Director, Department of Chemistry, University of 
Rhode Island, Kingston, Rhode Island. From June 13 to September 2, mail should be 


addressed to Colby Junior College, New London, New Hampshire. 


Textiles 


Colby Junior College 
New London, New Hampshire 


Fred Fortess, Chairman 
H. J. White, Jr., Vice Chairman 


July 11 
A. B. Craig. Wet Spun Acrylic Fiber Structure and Physical Properties as a Func- 
tion of Coagulation System 
W. F. MeDevit. Structure and Properties of Polyamide Fibers 
July 12 
lan Ward. Molecular Motion in Polyethylene Terephthalate and Related Polymers 
C. H. Bamford. Title not known 
July 13 
H. Zollinger. The Mechanism of Dyeing Polyamide Fibers 
Z. A. Rogowin. New Methods of Modification of Cellulose Fiber Properties 
July 14 
Don Gagliardi. Different Behavior of Cotton, Modified Cotton, and Rayon in New 
Cross-Linking Reactions 
Ludwig Rebenfeld. Effect of Chemical Treatment Upon the Stress—Strain Proper- 
ties of Selected Cotton Fiber Types 
July 15 
C. E. Reese. The Relationship of Fiber and Fabric Properties to Wash and Wear 


Performance of Poly Fibers 
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Letters to the Editor 


Short communications in the form of Letters to the Editor are intended to provide prompt 
publication of significant new research results and to permit an exchange of views on papers 


previously published in the JOURNAL. 


These communications are not submitted to formal re- 


view as are research papers, and the editors do not assume any share of the author’s responsi- 


bility for the information given or the opinions expressed. 


When work previously published 


in the JOURNAL is the subject of critical comment, the authors of the original paper are given 
an opportunity to submit a reply, which will be published concurrently when possible. 


The Modular Weights and Lengths— Fundamental 
Parameters of the Fabric 


Swedish Institute for Textile Research 
Gothenburg, Sweden 
December 21, 1959 

To the Editor 

TEXTILE RESEARCH JOURNAL 

Dear Sir: 

The number of picks and ends per inch, the weight 
per unit area, the crimp, the fiber material, the yarn 
count, and the construction are the quantities usu- 
ally used to characterize a fabric [1]. However, 
several of these are dependent on the internal stress 
conditions and are, therefore, not suitable for the 
precise identification of a fabric, but are related to 
its history. A more fundamental parameter is the 
average weight of yarn of specified count between 
two intersecting threads. This has been called the 
modular weight and should be given for both warp 
and weft yarn. It is independent of the stress con- 
ditions and thus does not change by the handling 
of the fabric in a machine or by hand. 

The length / (Figure 1) of the yarn between two 
intersecting threads is called the modular length. It 
is not independent on the previous and present 
stresses of the yarn but is easier to control than the 
modular weight. The ratio of the modular weight 
and length is of course a measure of the direct yarn 
count at the particular state of stress. 

If the fabric has previously been relaxed in water, 


the modular lengths are fairly insensitive to moderate 
tensioning of the fabric. This is in contrast to the 
thread spacing s (Figure 1), which is directly pro- 
portional to the dimensions of the fabric. The crimp 
is defined as (//s) — 1, and thus is also dependent 
upon the treatments given to the fabric. 

The warp and weft modular weights and lengths 
have the same fundamental functions for the woven 
fabric as the loop weight and length have for the 
knitted fabric. 
and have the same dimensional and other properties 


No two fabrics can be exactly alike 


without having the same modular weights. 

The modular weights of a fabric are set in the 
weaving operation, and the designer's specification to 
the weaving shed should therefore include the de- 
sired values of the warp and weft modular weight 
as well as the yarn and construction to be used. 
For the weaver, the warp modular length is easier 
to control than the weight, and a simple instrument 
for this purpose has been designed at our institute 
and successfully used. It must be remembered, how- 
ever, that the warp yarn is usually considerably 
strained in the sizing process and, as it will shrink 
correspondingly in the first wet process, this should 
be allowed for when calculating the modular weight 
from the modular length measured. 

The modular weights (and practically, the modu- 
lar lengths also) once obtained, can not be changed 
later; the weaver is solely responsible for them. 
However, fabrics with the same modular lengths can 
be given various thread spacings in the finishing 
operations, and the crimps thus obtained, together 
with the degree of setting given to the fabric, will 
be most important to the dimensional stability and 
other properties of the fabric. 


Literature Cited 
1. Peirce, F. T., J. Textile Inst. 21, T7377 (1930). 
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Interlaboratory Studies of the Shirley Analyser Method’ 


Southern Utilization Research and 
Development Division 

1100 Robert E. Lee Boulevard 
New Orleans 19, Louisiana 
December 11, 1959 

To the Editor 

TEXTILE RESEARCH JOURNAL 

Dear Sir: 

The Shirley Analyser Method of estimating the 
amount of lint and trash present in cotton prior to 
and during the early stages of processing is widely 
used in textile mills and laboratories throughout this 
country and abroad. Because test results vary widely 
among mills and laboratories, standardization of the 
method has been given serious consideration in recent 
years, and the American Society for Testing Ma- 
terials (ASTM) has published a standard procedure 
for the Shirley Analyser test [2]. Impetus to stand- 
ardization has been given by the need for including 
lint or trash content with grade, staple length, fine- 
ness, and strength of particular cottons for determin- 
ing optimum use value. It is believed that a review 
of some of the work already done toward its stand- 
ardization and a discussion of problems encountered 
may bring into focus a few of the issues that will be 
faced by participants at the General Plenary Session 
TC 38 on Textiles of the International Standardiza- 
tion Organization, in England on May 19-21, 1960, 
where the method is scheduled for discussion. 

Two recent studies, although varying somewhat in 
their details and approach, have had as their general 
objective the development of information needed for 
the standardization of the Shirley Analyser Method. 

ASTM conducted what is believed to be the first 
quantitative interlaboratory test of the Shirley Method 
in 1956. Seventeen American laboratories partici- 
pated in this study to determine their ability to apply 
the ASTM standard Shirley Analyser test with such 
uniformity that, for practical purposes, results among 
It included a bale 
each of a high, a medium, and a low grade cotton. 


laboratories would be comparable. 


Despite these differences in classer’s grade, however, 
it was later found that the differences in trash content 
for the medium and low grade were small. Each bale 
was divided into four blocks or replications and each 
participating laboratory was randomly assigned a 

1 Including a study conducted in 1956 by the American 


Society for Testing Materials, Committee D-13, Subcom- 
mittee A-1 on Cotton Fibers. 


sample from each of the four blocks for replicate 
Shirley analyses. Since cottons for a given replica- 
tion for all 17 laboratories came from the same por- 
tion of a bale, differences among laboratories caused 
by differences in cotton were held at a minimum. 
In addition, all laboratories were instructed to follow 
closely complete written specifications as to machine 
settings, operating procedure, temperature, humidity, 
and other factors which might contribute to variability 
among laboratories. 

Table I shows that the range of visible waste among 
laboratories was from 0.85 to 1.65% for the high 
grade, from 7.25 to 9.58% for the medium, and from 
Differences 
among laboratories were significantly greater than 
variation This 
quantitatively that real differences in results of Shir- 


7.42 to 9.65% for the low grade cotton. 


within laboratories. demonstrates 
ley Analyser tests do in fact exist among laboratories. 
Some variation among laboratories will always be 
present even when tests are made under identical 
conditions for all laboratories. The study indicates, 
however, that there are also sizable differences in 
results between laboratories which are due to causes 
that could not be controlled. Uncontrollable sources 
of variation probably include operators, machines, 
time, temperature, humidity, and other unidentified 
causes. Although most laboratories use only one 
machine and operator, these are of necessity different 
among laboratories. Where results are to be com- 
pared among laboratories, the practical course of ac- 
tion would appear to be that of including the varia- 
tion due to uncontrollable sources in the tolerances 
established for the test. Variation among the 17 labo- 
ratory averages of four replicates indicates that an 
individual laboratory testing for interlaboratory com- 
parisons by means of four replications and under con- 
ditions similar to those used in the study would re- 
quire an approximate tolerance of + 35% of average 
visible waste content for high grade, and + 15% for 
medium or low grade cottons (Table I). Tolerances 
of this magnitude would appear large, but could be 
used to differentiate between the high and medium or 
high and low but not between the medium and low 
grade cottons included in the ASTM study. 
Standard errors of averages of the four replications 
for visible waste varied from 0.06 for the high to 
0.26 for the low grade cottons, indicating rather good 
precision within laboratories (Table I). It would 
appear from these standard errors that tolerances of 





TABLE I. 
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Averages of Waste Measured on the Shirley Analyser in Separate 


Studies by 17 American and 13 European Laboratories 


ASTM study* 


High 
Grade 


Medium 
Grade 


Labora- 
tory 


10 9.58 
.20 8.95 
15 8.59 
8.90 
7.25 


8.52 


+ 
i) 


oo 
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Low 
Grade 


9.48 
8.90 
9.04 
8.82 
7.75 
9.05 
78 9.08 
.70 9.05 
.50 8.90 71 
7.42 94 
9.08 .82 
8.40 74 
8.88 

9.65 

9.32 


Swedish studyt 


Labora- 
tory 


Red Blue Brown 
55 
91 
66 
53 
62 
80 
56 
28 
52 


65 
92 
87 
83 
.68 
94 


49 
.63 
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78 
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45 
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8.19 
8.52 


Grand average (XY 


Standard deviation 
of laboratory 


average (ax)t 
Confidence limits (L 
Percent L is of X 


Within laboratory 

error (ax’)tT 
Confidence limits (L')tt 
Percent L’ is of X 


* Averages of 4 replications 


8.80 


t Averages of 4 replications in 12 periods (48 determinations). 


t Standard deviation (ax 
** Confidence limits (L) for ASTM study = (¢ 


of 17 averages in ASTM study and 13 averages in Swedish study. 
, 16 d.f.)(og¢) and for Swedish study = 


tos, 12 d.f.) (ax). 


tt Variability (o ¢’) of within cotton averages by the same laboratory (expressed as the standard error of averages of 4 


samples in ASTM study and averages of 4 samples at each of 12 days in Swedish study) 


components S*,y, S%4, and S%, 


tt Confidence limits (L’) for ASTM study = (f os, 48 d.f 
10% 


low grade cottons could be safely used by a given 


for high grade and + 6% for medium and 


laboratory using only one operator and machine 


and other closely controlled conditions for comparing 
waste contents within that laboratory. However, for 
both among and within laboratories, the percentages 
given are only indications, and the actual establish- 
ment of tolerances of this type should be based on a 
large number of observations accumulated over a 
period of time from studies made specifically for that 
purpose. 

A more recent study of the Shirley Analyser, con- 
ducted by the Swedish Institute for Textile Research 
at the request of the International Federation of Cot- 
ton and Allied Textile Industries, included 13 labo- 


ratories in Belgium, Denmark, France, Western Ger- 


Swedish estimate constructed from 


ax) and for Swedish study = (tos, * d.f.)(ax’). 


many, and the United Kingdom [1]. This study was 
similar to the ASTM study in that each bale, repre- 
senting a given cotton, was divided into four parts 
or strata and test samples from each part allocated to 
all laboratories in order to separate the effects of 
locations within a bale from laboratory effects. How- 
ever, the analysis apparently was confined to a meas- 
urement of precision within laboratories, since no data 
were given on the extent of variation in waste con- 
tent among laboratories. 

Average trash contents for the 13 European labo- 
ratories are also shown in Table I. The headings, 
red, blue, brown, and pink, are designations given the 
four cottons tested. In order to obtain a measure of 
variability among the 13 laboratories comparable to 


that obtained for the 17 laboratories in the ASTM 
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study, variation among average trash contents for the 
13 laboratories was computed for each of the four 
cottons. indicate that a given laboratory 
could be expected, on the basis of an average of 48 
determinations, to be within a tolerance of + 30% 
of the true average for a cotton having a trash content 
of approximately the same magnitude as the low trash 
content cotton of the ASTM study and + 12-20% 
for the three cottons having higher trash contents. 
Standard errors of trash contents within labora- 
tories in the Swedish study ranged from 0.08 to 


Results 


0.22% and resulted in tolerances of approximately 
5-15%. Within laboratory variability in this study 
includes a component for differences due to time not 
included in the ASTM study, which probably ac- 
counts for the higher tolerances for the blue and 
brown cottons than was found in cottons of higher 
waste contents in the ASTM study. This would in- 
dicate that such a component should be included 
where tests are to be compared which were made in 
the same laboratory on different days. Here again 
it should be emphasized that the actual establishment 
of tolerances should be based on observations of a 
large number of cottons in many laboratories. 
Despite some differences in approach and analysis, 
results from both studies, when reduced to a com- 
parable basis, agree rather closely with respect to 
average trash and lint contents and variability among 
and within these averages. The following conclusions 
are obvious or may be implied from results obtained 
by the two groups. 
1. Trash content (or visible waste) can be de- 
termined with rather good precision within a given 
laboratory. The Shirley Analyser Method is ex- 
tremely useful for comparing, within the same labo- 
ratory, trash and lint contents of different cottons, 
the same cottons cleaned by different equipment, or 
If tests 
being compared are made at widely separated times 


on different machines or by different operators, com- 


cottons treated or selected in other ways. 


ponents for these sources of variation should be 
included. 

2. Variability in results among laboratories, even 
after efforts to standardize equipment and procedures 
among laboratories, is so large as possibly to be con- 


sidered excessive by many. This may discourage 


efforts to standardize the method for comparisons 
among laboratories. 


Placing tolerances around aver- 
age trash and lint contents which allow for variability 
among, as well as within, laboratories could possibly 
make Shirley Analyser tests useful for among labo- 
ratory comparisons where rather large differences 
are involved, 
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3. The establishment of tolerances for Shirley Ana- 
lyser tests used in routine comparisons within and 
among laboratories should not be based on these two 
studies alone, but upon an extremely large number 
of observations accumulated over a period of time and 
probably upon studies which are specifically designed 
for that purpose. 

4. The large variation in results of Shirley Ana- 
lyser tests among laboratories and the amount of time 
required for making the test would appear to limit its 
application for routine use in commercial transactions 
and for arbitration purposes. 
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The Deformation of Filaments Within Yarns 
Due to Transverse Forces 


Manchester College of Science and Technology 
University of Manchester 

England 

December 17, 1959 


To the Editor 


TEXTILE RESEARCH JOURNAL 


Dear Sir: 

One possible method of estimating the magnitude 
of the transverse forces in a yarn, and their variation 
through yarns of different twists, would be to ex- 
amine the deformation of the filament cross sections. 
In this connection, it is interesting to note the de- 
formation into rods of partially hexagonal section 
which Wood et al. [3] found in the filaments near 
the center of a hot-stretched nylon tire cord. 

We have carried out some experiments along these 
lines and, while they are not conclusive, the results 
may be of interest and useful to others who wish 
to carry out similar investigations. 


Experimental Procedure 


The yarns used were nylon 840 den./136 filaments 
with nominal twists of 0, 5, and 15 turns per inch. 
Nylon was chosen because of its regular circular 


g (@)—0o TP! 


Fig. 1. 


(® (b)— 5 T.e1 


cross section, which makes any deformation of the 
cross section obvious. 

The main difficulty that was encountered in ob- 
taining the cross sections was finding a suitable em- 
bedding material which maintains the filaments in 
their deformed form, penetrates between the fila- 
ments, especially in the twisted yarn under exten- 
sion, and does not shrink while setting, as this would 
affect the amount of deformation. 

Among the embedding materials available, the 
epoxy-resin embedding mixture commercially known 
as Araldite was found to give the best results. It 
also has the advantage that its hardness can be 
varied by suitable choice of the percentage of plasti- 
mixture. 


cizer in the The following mixture has 


been found suitable as an embedding medium. 
10.0 ml. 
10.0 ml. 
1.0 ml. 
0.4 ml. 


Casting resin (M) 

Hardener 964 B 

Dibutyl phthalate (plasticizer ) 
Accelerator 964 C 


The procedure described by Glauert et al. [1] 
and recommended by the makers for embedding the 
specimen was followed ; it is summarized here. 

1. The specimen was kept in absolute alcohol in 
a glass-stoppered bottle for 4 hr. 


® (c)—15 T.P1 


Cross sections of yarns under no extension (220). 
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2. Half the absolute alcohol was removed and an 
equal quantity of the embedding mixture was added ; 
the specimen was incubated for 2 hr. at 48° C. 

3. The alcohol mixture was removed and replaced 
with pure embedding mixture for another 2 hr. at 
48° C. 

4. The last step was repeated for a further 2 hr., 
after which the specimen was ready for use, as it was 
thoroughly impregnated with the embedding mixture. 

The specimen was mounted on the Instron table- 
model tester after being threaded through a gelatin 
capsule. An extension of 10% was applied to the 
specimen ; the capsule was filled with a fresh embed- 
ding mixture and polymerized at a temperature of 
60° C. by surrounding the specimen with two light- 
ing lamps. The setting occurred in about 16 hr. 
The cross sections were taken on the Cambridge 
10-15 and 


mounted on the slides with Euparal solution. 


rocking microtome to a thickness of 


Results 


Sections of the yarns have been photographed with 
220 magnification and illustrated as follows: 


0 Twist with 0% extension, Figure la 
5 t.p.i. with 0% extension, Figure 1b 
15 t.p.i. with 0% extension, Figure Ic 
O Twist with 10% extension, Figure 2a 
5 t.p.i. with 10% extension, Figure 2b 


15 t.p.i. with 10% extension, Figure 2c 


@ (a)—0 T.Pi.- 


Fig. 2. 


@ (b)—s TP! 
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Only part of the yarn cross section has been photo- 
graphed to enable a higher magnification ratio to be 
used and thus illustrate the deformation clearly. 


The relations of the photographed portions to the 
whole yarns are shown in the small diagrams. 


Discussion 


The separation between the filaments in the zero 
twist yarn, Figure la, was expected, as it was 
difficult to hold the filaments together; with the 
twisted specimen, twist has given enough support to 
the yarn to bring the filaments together, as shown 
in Figures 1b and lec. 

The separation between the filaments in the cross 
section of the extended yarns could be attributed 
either to the imperfect penetration of the embedding 
materials or to the fixing medium on the slides. 

From the photographs of the three specimens 0, 
5, and 15 t.p.i. under zero extension, it can be seen 
that there is no deformation in the shape of the fila- 
ment cross section. The non-circularity of the cross 
section in the 15 t.p.i. specimen is due to the obliquity 
of the fiber axes to the direction of the section. 
However, the cross-sectional deformation of the same 
sample in the strained state is quite pronounced; it 
may be concluded that the cross-sectional deforma- 
tion of the filaments in the extended yarn is mainly 
due to the action of the transverse compressive 
forces. 

From the procedure of embedding of the filament 


Q (¢)—15 ‘TP. 


Cross section of yarns under 10% extension (220). 
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As all 
the specimens were treated in the same manner, this 
On the 


it is expected that the filaments may swell. 


will not affect the validity of the results. 
other hand, it will help to give a more detectable 
deformation. 

By comparison of Figures 2a, b, and c, it can be 
seen that the cross-sectional deformation increases as 
twist increases, due to the increase of the transverse 
stresses. It can also be seen that the tangential and 
radial deformations of some filaments are of the same 
order, showing that they are subjected to equal tan- 
gential and radial transverse forces. Some other fila- 
ments show a greater deformation in either the tan- 
gential or the radial direction, indicating that one 


of these transverse forces is higher than the other. 
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If this technique could be developed further, pos- 
sibly on model yarns made of coarse monofilaments, 
it should be possible to make quantitative estimates 
of the transverse stresses in twisted yarns which 
could be compared with values which have been pre- 
dicted by theory [2]. 
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Nature of the Degradation of Jute Cellulose 
and Jute Fiber in Storage 


Technological Research Laboratories 
Indian Central Jute Committee 
Calcutta-40, India 


December 8, 1959 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


In a previous communication [2] it was reported 


that jute alpha-cellulose deteriorates in storage 
whereas that in situ remains almost unchanged under 
ordinary conditions of temperature and humidity. 
The that 


caustic soda solution at 30° C. reduces the carbonyl 


observations made were treatment with 
and carboxyl groups but does not change appreciably 
the viscosity DP of the stored cellulose as in the 
case of bleached cotton linters and rayon pulps [1] 
and that alpha-cellulose from chlorite holocellulose- 
like dicarboxyl celluloses obtained by chlorite oxida- 
tion [10] loses carboxyl groups when heated for 
long at 105° C., 


molecules was ascribed to acid action and/or oxida- 


The scission of the cellulose chain 


tion in storage followed by alkaline hydrolysis in 
cuprammonium solution during measurement. It 
has since been reported [3] that souring the mer- 
cerized material by the alpha-cellulose method [9] is 
fairly degradative and that the keeping quality of 


cellulose preparation is improved if its acid groups 
are bound by salt formation. The effect of humidity 
as well as storage on raw jute fiber and on jute 
cellulose has been further investigated; the results 
are recorded here. 

Two capsularis and two olitorius fibers of which 
the important characters had been originally deter- 
mined were withdrawn from sample boxes after 
about 20 years of storage under the prevailing con- 
ditions of the sample room and the characters re- 
determined by the same methods. The mercerized 
product from the chlorite holocellulose of a good 
quality fiber in the alpha-cellulose method was rinsed 
Half of this ma- 


terial was soured with 10% aqueous acetic acid and 


with distilled water until neutral. 
rinsed thoroughly as before. The two parts were 
designated “unsoured” and “soured” respectively. 
They were opened out, conditioned, and analyzed for 
ash content, copper number, acid value, and relative 
viscosity of 0.5% cellulose in cuprammonium solu- 
tion as described earlier [4]. Fat and wax content 
was estimated by extraction with a mixture of equal 
volumes of dry alcohol and benzene. Holocellulose 
was determined by treating the extracted and mois- 
tened fiber with chlorine dioxide for 72 hr.; alpha- 
cellulose was determined from chlorite holocellulose. 

Exposure tests were carried out in a room con- 
RH and 25° C. 


ditioned at 65% The samples were 
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exposed in the dark to varying relative humidities— 


85, 81, 75 


, and 35%, secured over saturated solu- 
tions of potassium chloride, ammonium sulfate, and 
sodium chloride and a 41.8% solution of calcium 


A 


taneously at zero humidity over phosphorus pent- 


chloride respectively. control was run simul- 


oxide in a vacuum desiccator. The samples were 


also stored in the prevailing conditions inside the 


laboratory. They were withdrawn from storage 


from time to time and analyzed. Stored materials 


were treated separately with acidic sodium chlorite 
[6] and aqueous sodium borohydride [7] to elimi- 


TABLE I. Effect of Storage on 


(©) on dry wei 


Ash Fat and wax Nitrogen 


Ref. no. of jute Original Stored Original Stored Original Stored 


Olitorius 
26/2 
27/3 

Capsularis 


81 
82 


0.61 
0.61 


0.86 
0.64 


0.84 
0.61 


0.18 
0.19 


0.20 
0.17 


TABLE Il. 
(Values refer to relative viscosit 


Pe 


U nsoured Soured Un 


4.50 
3.85 
3.86 
3.96 
3.92 
4.01 


5.50 
5.49 
5.65 
5.46 
5.39 
5.38 


w 


wae wow 


sD 


oo 


Uncontrolled 


Mean of 
values in 
bold face 


3.92 


TABLE Ill. Effect of Oxidation and Reduction 


Copper nt 

Sample and treatment g. Cu/I1¢ 
0.1 M NaClOz 
pH 3, 48 hr. 


0.01 M aqueous NaBH, at 
20° C., pH 8-10, 24 hr. 


AcOH at 20° C., 0.18 


0.39 


Control (stored) 0.69 


Original preparation 0.38 


5.23 
5.31 
5.15 
5.17 
4.92 
5.22 
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nate the carbonyl groups, a potential source of chain 
scission. They were also analyzed. 

The results are summarized in Tables I, II, and 
III. Table I shows that there is no significant varia- 
tion in the percentage constituents of jute fiber on 
prolonged storage under indoor atmospheric condi- 
tions, except that holocellulose contents of the cap- 
sularis fibers are somewhat damaged. Solubility in 
alkaline boil (2% caustic soda for 4 hr. in 100:1) 
increases, and to a greater extent in capsularis than 


€ 
li oe Thi bs e ‘ licz : f acid acti « 1/ 
olitorius. Ws 1S an indication of acid action and/or 


oxidation of cellulose. Alpha-cellulose from the cap- 


Characteristics of Jute Fiber 
ght of jute) 


Alkaline 
solubility 


Alpha- 


Lignin Holo cellulose cellulose 


Original Stored Original Stored Original Stored Stored DP 


916 
976 


15.5 


16.9 


22.: 
21.! 


11.6 
11.6 


660 
622 


Effect of Humidity and Storage on Quality of Alpha-Cellulose 


y of 0.5°% cellulose solution) 


riod of storage, days 


250 365 


soured Soured Unsoured Soured 
4.12 
3.55 
3.46 
3.45 
3.43 


3.50 


5.29 
5.16 
5.11 
4.89 
4.74 
4.84 
4.78 


4.16 
3.37 
3.20 
3.25 
3.23 
3.26 
3.14 


3.48 4.82 3.26 


of Carbonyl Groups in Stored Alpha-Cellulose 
I 


> 


Rel. viscosity ‘ 


70.5 


Acid value, 
megq./100 g. 


imber, 
WO g. 


3.69 3.08 


3.19 3.07 


3.68 3.14 


3.59 4.50 
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sularis fibers is highly degraded, inasmuch as the 
average DP for jute fiber is 865 [5], ranging from 
760 to 980. 
storage on cellulose viscosity (hence DP) is not sig- 
Il). 


longed storage tend to degrade cellulose. In the 


The effect of varying humidities in 


nificant (Table Sut high humidity and pro- 


case of the soured material with acid groups unneu- 


tralized, a small amount of adsorbed moisture is 


enough to cause a significant fall of viscosity or 
The little 
keeps better, even on prolonged storage. It is shown 


quality. unsoured material with a ash 
in Table III that the reducing power (copper num- 
ber) of the stored material is greatly diminished, but 
its carboxyl content as well as viscosity in cupram- 
monium is not apparently increased by oxidation of 


The 


reducing power is also diminished, but viscosity is 


carbonyl to carboxyl by the chlorite treatment. 


left almost unchanged by aqueous borohydride treat- 
ment, which shows that the carbonyl groups mainly 
are reduced by the borohydride and that they are not 
responsible for any potential weakness of the cellu- 
lose chains. The loss in the yield of carboxyl may 
be accounted for by dissolution of material containing 
a higher proportion of carboxyl groups than the 
insoluble residue during the chlorite treatment and 
that by partial reduction [8] of carboxyl during the 
borohydride treatment. It is believed that purified 


cellulose or cellulose in situ on storage is trans- 


formed into hydrocellulose by intermolecular acid 
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action due to its free carboxyl groups and that the 
residual reducing power after oxidation with chlorous 
acid gives a rough estimate of the reducing end- 
groups (Table III). Jute fiber contains about one- 
eighth of its total carboxyl groups in the unneu- 
tralized state (acid value about 3 meq./100 g.). 
This is believed to act upon neighboring cellulose 
chains much more slowly than pure cellulose to 
form hydrocellulose. 

The authors thank Dr. P. 
for his keen interest in this investigation. 


B. Sarkar, Director, 
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Supercontraction of Wool Fibers 
(A Method for Measurement) 


Huyck Felt Co. 
Rensselaer, N. Y. 
September 30, 1959 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear Sir: 


When supercontraction of wool fibers in lithium 
bromide was measured |1], it became apparent that 
for optimum results a method of measuring the fibers 
under zero tension was necessary. It was found, 
for example, that a tension on a wool fiber of only 


1.5 g. in excess of that necessary to remove the crimp 


would introduce an error in supercontraction of 7%. 
In actual practice when using visual methods | 2, 3], 
even larger errors were experienced. The purpose 
of this letter is to outline a technique developed and 
illustrate improved results obtained. 

The method developed was based upon photo- 
graphic projection and measurement of the fiber 
length with a map-measuring instrument. Specifi- 
cally, pieces of clear cellulose acetate film are cut to 
fit into the negative holder of a standard photo- 
A well is then formed by gluing 
This 
De- 


graphic enlarger. 
a 2}-in. frame to one of the pieces of plastic. 
is then fitted with a removable plastic cover. 
tails are shown in the accompanying drawing. 
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Fig. 1. Drawing showing negative holder (A) of photo- 
graphic enlarger with exploded view of plastic fiber holder. 
B and C are glued together to form a well which is covered 
by D. 


Prior to measurement, fibers are mounted on 
plastic tabs of the same thickness as the depth of 
the well, numbered for identification, and placed in 
the well. 


or other solution in which the fibers are to be treated 


A small amount of water, lithium bromide, 


is added and the cover is carefully put in place so 


as to form a layer of solution, free from air bubbles, 
in the plastic well. The holder serves as a negative 
which is projected onto ordinary photographic en- 


larging paper. By use of a magnification of 5x 
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in the enlarger and fibers approximately 1 in. in 
length, photographs are obtained which are easily 
measured with the map-measuring wheel with con- 
siderable accuracy. 

In one typical measurement, 16 New Zealand 44’s 
fibers immersed in a 43% bromide 
for 24 hr. at temperature. They 
showed a contraction of 12.48 + 0.10% (95% con- 
fidence limit). 


were lithium 


solution room 
On immersion in water for 7 hr., 
the fibers returned to their original lengths and 
regained their tensile properties. 
found 


The apparatus was 


most convenient for measurement of fibers 
subjected to multiple treatments. 

As several fibers can be handled simultaneously, 
the time requirement is little greater than that of 
It is felt that readers will 
find the improved accuracy well worth any consid- 


eration of this kind. 


conventional methods. 
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Book Reviews 


The Location of the Synthetic-Fiber Industry; 
A Case Study in Regional Analysis. Joseph Airov. 
New York, John Wiley & Sons, Inc., 1959. 
$9.75. 


Price 


Reviewed by Richard D. Wells, Air Reduction 
Chemical Company, New York 17, New York 


As indicated by the secondary title, Dr. Airoy 
herein presents a “case study” in regional cost com- 
parison, with hypothetical plants for production of 
selected fiber types (principally polyamide, polyester, 
and acrylic) and their intermediates as the subjects. 
Extended from a doctoral thesis giving consideration 
to Puerto Rico as a potential fiber plant site, it ex- 
plores cost differentials among the various main- 
land areas and draws certain conclusions as to likely 
regional distribution of future fiber producing facili- 
ties in the USA. 

The work demonstrates the method of empirical 
substitution in determining optimum solutions among 
multiple sets of alternates, in this case relative re- 
gional costs, and choices as to processes and process 
groupings. Some attention is also given to scale 
factors, adding a third dimension to the study. Of 
necessity only the more readily computable variable 
cost factors are dealt with, for example, raw and 
auxiliary materials, plant construction, power and 
services, operations, and transportation, largely in 
base-rate and chemical engineering terms assuming 
There is much 
tabulation of cost data, taken at face value from 


standardized operational conditions. 


various sources, and of the comparative computations 
derived therefrom as related to the various area and 
process options. 

A much abbreviated discussion is given of “‘loca- 
tion theory,” material vs. market orientation, ag- 
glomeration economics, and other concepts of the 
regional economist. More extensive account is given 
of the historical and technical details of the synthetic 


fiber industry, assuming that much of the readership 
will be unfamilar with this field. 

The regional forecasts for distribution patterns of 
future increments of the synthetic fiber industry are 
based on published projections for total and type 
growth in general. The indicated dominance of the 
Texas-Gulf Coast area for intermediates and of the 
textile South area for final fiber production appears 
logical from the comparisons made. It is beyond 
the scope of this study to weigh the more local 
factors influencing the pinpointing of actual optimum 
plant sites. 


Cycles and Trends in Textiles. Thomas Jeff 
Davis. Washington, D. C., U. S. Government Print- 
ing Office, 1958. 64 pages. Price 40¢. 


Reviewed by Candida F.. Frenking, Textile Research 
Institute, Princeton, New Jersey 

The relationship of textile mill activity to levels 
of total national economy is studied in this U. S. 
Department of Commerce report. The independent 
trend peculiar to the field, known as the textile cycle, 
is shown statistically to exist; data are given for 
1921-1958 fiber consumption and the derivation of 
the trend charts is shown. Causes of this phenome- 
non are discussed, as are the causes of fluctuation in 
consumption due to factors in the national economy. 
Among the features of this report are an abundance 
of informative charts and tables, footnote references, 
and a review of equations for the benefit of those a 
little rusty on statistical work. 

The study, while complete, is written in under- 
standable terms for the nonspecialist as well as the 
economics expert. The information is useful, both 
as a review of the past and a preview of the future, 
to anyone with an interest in the economics of the 
textile industry. 
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